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Abstract 
 
The catastrophic impact of petroleum based plastics on our environment has resulted in the 
development of a new class of biodegradable polymers. Starch is an attractive raw material 
for biodegradable plastic applications due to its low cost, sustainability and its availability in 
large quantities. Besides, it can be transformed into thermoplastic material using conventional 
plastic processing techniques. Despite its attractive potential as a source of biopolymer 
materials, the use of starch-based plastic products has been restricted to niche markets that do 
not require high performance applications due to poor mechanical properties and moisture 
sensitivity of the materials. Starch cannot be thermally processed without water but 
thermoplastic starch materials developed from water are brittle due to retrogradation. Much 
research has been devoted to the use of plasticizers other than water. Non-volatile plasticizers 
such as glycerol, glycol, sorbitol, urea and ammonium derived amines have mainly been used 
in the plasticization of starch, but due to their high water sensitivity, recent researches have 
diverted to novel plasticizers, particularly the ionic liquids.  
 
This dissertation involves an in-depth understanding of the effect of the ionic liquid 1-ethyl-
3-methylimidazolium acetate, [Emim][OAc] on the plasticization or gelatinization of starch. 
Starch gelatinization is a key component of starch processing and the understanding of the 
molecular and structural changes in the starch granules during this process is important for 
the effective control of functional behaviour during development of starch-based materials. In 
this research, the impact of [Emim][OAc] on starch gelatinization is initially evaluated  
through information gathered from the thermal, pasting and microscopic properties of 
thermally treated starch-water-[Emim][OAc] mixtures at various water-[Emim][OAc] mole 
ratios. DSC, being the most convenient way of determining thermal properties, revealed 
starch gelatinization to have occurred at a reduced temperature by a certain mole ratio of 
water-[Emim][OAc] mixture. A further decrease to the water content reduced the phase 
transition temperature of starch even farther. This result was supported by RVA and 
microscopy. It is proposed that the phase transition of starch at the reduced temperature is 
controlled by two processes: gelatinization and dissolution believed to be occurring in a 
synergistic manner. At lower [Emim][OAc] concentration (water/[Emim][OAc] mole ratio    
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≥ 25.0/1 mol/mol), gelatinization mainly occurs;  while at higher [Emim][OAc] concentration 
(water/[Emim][OAc] mole ratio ≤ 2.8/1 mol/mol), dissolution occurs.  
 
Since [Emim][OAc] was able to gelatinize starch at a reduced temperature close to room 
temperature, further investigations of the effect of this water/[Emim][OAc] mole ratio (7.2/1 
mol/mol) on starch molecular and structural changes was examined under room temperature. 
Characterization techniques involved in this investigation were photography, microscopy, 
DSC, XRD, NMR, FTIR and FT-Raman. The results of the different characterization 
techniques substantiated one another in confirming that the 7.2/1 mol/mol 
water/[Emim][OAc]  effectively disrupted the crystallinity of starch at room temperature. The 
basis of gelatinization at room temperature is examined through the effect of changing the 
ionic liquid [Emim][OAc] with 1-ethyl-3-methylimidazolium ethyl sulphate 
([Emim][EtSO4]) , acetic acid (CH3COOH), sodium hydroxide(NaOH) and urea (CO(NH)2). 
Possible explanation for this behaviour is suggested. 
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CHAPTER 1 
Introduction 
1.1 Introduction 
 
Recently, a range of environmental issues relating to solid waste disposal have gained the 
attention of researchers. Whether it is in transport, telecommunications, clothing, footwear or 
packaging, plastics play a significant role in nearly all facets of our daily lives. Plastic is 
inexpensive, lightweight, strong, durable, corrosion-resistant materials with high thermal, 
electrical insulation properties (Thompson, Swan, Moore & vom Saal, 2009). As a 
consequence, the world’s annual consumption of plastic materials has increased substantially 
over the last 62 years from around 50 million tons in 1950 to over 260 million tons today and 
is estimated to reach 297.5 million tons by 2015 (Global Industry Analysts Inc, 2013).  In 
Europe alone, 47 million tons of plastics were produced in 2011 with packaging representing 
the largest segment of over 39 % of the overall demand followed by building & construction 
(20.5 %), automotive (8.3 %) and electrical & electronic equipment (5.4 %). In the same 
year, the US produced 32 million tons of plastic with almost 50 % of the product utilized in 
the packaging industry (Plastics Europe, 2013). 
 
The environmental impact of persistent plastic wastes is a global concern. Plastic’s life is 
estimated to be hundreds to thousands of years, but is longer in the deep sea and non-surface 
polar environments due to temperatures and its non-biodegradability (Barnes, Galgani, 
Thompson & Barlaz, 2009). Medical wastes in landfills and natural habitats, threats to 
wildlife caused by ingestion of plastic, absorption of leached chemicals by wildlife and 
humans are some concerns about usage and disposal of plastics. Perhaps the most important 
concern is the declining reserves of fossil fuels and the limited capacity of landfills to 
accommodate short-lived packaging plastic wastes (Thompson, Swan, Moore & vom Saal, 
2009). Only 8 % of plastic waste is recovered for recycling (Environmental Protection 
Agency, 2013). Australians use 4 billion plastic bags a year of which only 3 % are recycled 
and the rest disposed off in landfills (Clean Up Australia, 2013).  
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To resolve the environmental impact of petroleum based plastics, extensive research in a new 
class of benign materials has emerged. Biodegradable plastics from renewable sources can 
reduce the quantity of plastic wastes. As most biodegradable plastics are produced from 
renewable sources, other synonyms like biodegradable polymers and bioplastics have 
occasionally been used. A biodegradable polymer is defined as a polymer that decomposes to 
biomass, carbon dioxide and water in the right environmental conditions whereas bioplastics 
are plastics made from a biodegradable polymer with other additives (Mooney, 2009).  
This category of plastics (biodegradable) leaves no toxic, visible or distinguishable residues 
following degradation. Biodegradable polymers mainly originate from four types of sources: 
(i) agro-polymers from agro-resources such as polysaccharides (e.g., starch, cellulose and 
chitin) and proteins and lipids of animals (e.g., casein, whey, gelatin) and plants (e.g., zein, 
soya, gluten) (ii) polymers obtained by microbial production, e.g., polyhydroxy alkanoates 
(PHA) such as poly(hydroxybutyrate) (PHB) and poly(hydroxybutyrate co-hydroxyvalerate 
(PHBV) (iii) polymers such as polylactide chemically synthesized using  biomass monomers 
obtained from agro-resources, e.g., poly(lactic acid) (PLA) and (iv) polyesters such as 
polycaprolactone (PCL), polyesteramides (PEA) and aliphatic and aromatic co-polyesters 
derived from chemical synthesis of fossil fuels (Averous and Boquillon, 2004). 
 The potential uses of biodegradable polymers are well documented in the literature as shown 
in the last column of Table 1.1. However, due to limitations in costs and properties, 
biodegradable polymers do not have many end-use applications. Although a variety of 
biopolymers are potentially utilizable (either themselves or blends with synthetic polymers), 
starch stands out as one of the most viable candidates. Starch is a cheap, natural, non-toxic, 
renewable and a biodegradable carbohydrate that could be tailored to display attractive 
properties like crude oil polymers (Nashed et al., 2003). Polymers derived from starch have 
excellent thermal     process-ability with conventional processing techniques such as blow 
moulding, film blowing, injection moulding, foaming, thermoforming and extrusion 
(Mohanty, Misra and Hinrichsen, 2000; Seindenstucker, 1998; Shah, Bandopadhyay and 
Bellare, 1995). Promising applications of starch in the area of packaging, drug delivery, 
tissue engineering, electro-active polymers, shape memory polymers and solid polymers 
electrodes have been reported (Noemi & Jack, 1998; Wang et al., 2009; Wang, Zhang, Liu & 
Han, 2010). 
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Table 1.1 Types of biodegradable polymers (Halley, 2005) 
Base polymer Source 
type 
Advantages Disadvantages Potential 
applications 
Starch Renewable Low cost; 
Fast 
biodegradation 
Poor mechanical 
properties; 
hydrophilic 
Foams, films, 
bags, moulded 
items 
Cellulose and 
cellulose acetates 
Renewable High strength; 
water stable 
Difficult to 
process; very low 
biodegradability 
Composites, 
fibre-board 
Polyhydroalkanoates 
(PHA) 
Renewable Rapid 
biodegradation; 
water stable 
High cost Moulded items 
Fatty acid 
(triglyceride oil 
based) polymers 
Renewable High strength Brittle; low 
biodegradability 
Composites; 
adhesives; 
compatibilizers 
Lignin polymers Renewable High strength Brittle; low 
biodegradability 
Composites; 
adhesives; 
compatibilizers 
Collagen/Gelatin 
polymers 
Renewable High strength Non-reproducible 
properties 
Films 
Poly (lactic acid) 
(PLA) 
Renewable 
and non-
renewable 
High strength Brittle Injection 
moulding fibres 
Polyglycolic acid 
(PGA) 
Non-
renewable 
High strength Brittle; soluble in 
water 
Fibres; sutures 
Polycaprolactone 
(PCL) 
Non-
renewable 
Water stable; 
hydrolysable 
Low melting 
point 
Compost bags; 
cold packaging 
Polyvinyl alcohol 
(PVOH) 
Non-
renewable 
Great barrier 
properties 
Low 
biodegradation; 
solubility in water 
 
Synthetic polyesters Non-
renewable 
High strength; 
good processing 
Relatively high 
cost 
Films; moulded 
items 
 
1.2  Fundamentals of starch  
1.2.1  Native starch 
 
Starch is a natural, renewable and biodegradable polymer produced by plants as a source of 
stored energy. It is the second most abundant biomass material in nature and is synthesized in 
plastids by the coordinated action of multiple biosynthetic enzymes. Starch is deposited as 
insoluble, semi-crystalline granules in plants roots, tubers, stems and seeds. From plants, it is 
extracted and refined by wet grinding, sieving and drying which can be used in either the 
‘native’ (raw) or ‘modified’ (using chemical modifications for specific properties) form. 
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Well-known sources of starch are maize, wheat, potatoes and cassava from which tapioca 
starch is derived (Angellier et al., 2004). Unconventional sources such as yams, sweet potato, 
breadfruit and taro have also been reported (Aboubakar, Njintang, Scher & Mbofung, 2008; 
Adebowale, Olu-Owolabi, Olawumi & Lawal, 2005; Alves et al., 2002; Collado & Corke, 
1999). 
 Starch varies greatly in form and functionality between and within botanical species and 
even from the same cultivar grown under different conditions (Copeland, Blazek, Salman & 
Tang, 2009). Variability in the functionality of starch is determined by the genes and 
environment to which the plants are exposed to during growth (Wang, Sharp & Copeland, 
2011). The granules of starch occur in all shapes (spheres, polygons, irregular ellipsoids, 
platelets or oval tubules) and sizes (from 0.1 µm to at least 200 µm) depending on the 
botanical source. The work of Jane et al (1994) supports this as shown in Figure 1.1. The 
granules vary in size between 5 and 20 µm. Waxy maize starch granules (Figure 1.1B) are 
similar to normal maize granules but possess individual faces that are rounder (non-
polyhedral).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Scanning electron micrographs  of starches: (a) normal maize; (b) waxy 
maize;  (c) potato; (d) wheat; (e) sorghum; (f) sweet corn; (g) amaranth; (h) high amylose 
maize;   (i) waxy rice (Jane et al., 1994). 
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Potato starch granules (Figure 1.1C) are smooth, oval and spherical with diameters of 15-75 
µm. Wheat starch (Figure 1.1D) has a bimodal distribution of large granules (22-36 µm) and 
small granules (2-3 µm) that are either disc-like or spherical. Sorghum starch (Figure 1.1E) 
also has a bimodal distribution of irregularly shaped granules with large granules having 
diameters of 10-30 µm and the small granules have diameters of 5 µm. In sweet corn starch 
(Figure 1.1F), the majority of the granules are small, spherical or angular in shape. Amaranth 
granules (Figure 1.1G) are very small (1-2 µm). High amylose maize starches (Figure 1.1H) 
have a high proportion of smooth irregularly shaped granules that are almost spherical, and 
some rod shaped granules. High amylose maize starch granules range from 6 to 15 µm. Waxy 
rice starch granules (Figure 1.1I) are small and irregularly shaped polygonal granules ranging 
from 3-8 µm.  
 
1.2.2  Composition of starch granules 
Approximately 98-99% of the dry mass of starch granule is a complex polymer made up of 
two distinct components, amylose and amylopectin (Figure 1.2). 
 
 
Figure 1.2   (a) Structure of amylose and a schematic representation of an amylose single 
helix (b) structure of amylopectin and schematic representation of the crystalline regions 
(clusters) (van Soest & Vliegenthart, 1997). 
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Typically, normal starches from most species are composed of around 15-30% amylose and 
70-85% amylopectin (Parker & Ring, 1998; Buleon, Colonna, Planchot & Ball, 1998; Davis, 
Supatcharee, Khandelwal & Chibbar, 2003; Jobling, 2004). Amylose and amylopectin both 
contain chains of glucose units, but how the chains are linked in each component differs. 
Amylose is mainly a relatively long, linear α-glucan chain with glucose units connected by an 
α(1→4) linkage. The degree of branching in amylose is very low with less than 0.5% of the 
glucose in the α(1→6) linkages (Perez & Bertoft, 2010). The molar mass of amylose is about 
10
5
 -10
6
 g/mol and is dependent on the type and maturity of the starch grains (Karkkainen, 
Lappalainen, Joensusu & Lajunen, 2011).   
 
Amylopectin, the major polysaccharide in most normal starch granules, is a much larger 
molecule than amylose with a molar mass of 10
7–109 g/mol and a heavily branched structure 
built from about 95% (1→4)-α- and 5% (1→6)-α- linkages. The degree of polymerization 
(DP) in amylopectin can exceed 10
6
. In common with amylose, the molecular size, shape, 
structure and polydispersity of the molecule varies with botanical origin. Unlike amylose, 
however, there is great additional variation with respect to the unit chain lengths and 
branching patterns. Chain length, expressed in DP, is used to quantify the molecular weight 
of starch chains. Amylopectin branched unit chains are relatively short compared to amylose 
molecules with a broad distribution profile. They are usually 18–25 units long on average and 
could reach 19–31 units with high-amylose starches. The different chains can be specifically 
classified in terms of their lengths (chain lengths) and consequently position within starch 
granules (Tester, Karkalas & Qi, 2004). 
 
The three broad classes of glucose chains are A, B and C where the A-chains are defined as 
unsubstituted by other chains and connected through a (1→6)-α- linkage to the rest of the 
macromolecule. B-chains are substituted by one or many other chains (A- and/or B-chains). 
In addition, each macromolecule contains a single C-chain which carries the sole reducing 
end group (Figure 1.3) (Wikman, Blennow & Bertoft, 2013). 
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Figure 1.3 Basic labelling of chains in amylopectin. Circles denote glycosyl residues; 
horizontal lines (1→4)-α- and bent arrows (1→6)-α- linkages. The reducing-end residue is to 
the right (Perez & Bertoft, 2010). 
 
1.2.3  The supramolecular structure of starch 
 
Starch granules are semi-crystalline particles ranging from 1-100 µm in size and whose 
structure is dependent on botanical origin. Due to the semi-crystalline nature of the starch 
granules techniques such as XRD, SAXS and SANS in combination with DSC, NMR and 
optical, electron and atomic force microscopy are used in parallel to reveal the complex 
supramolecular structure of the granule (Tester, Karkala & Qi, 2004; Blazek & Gilbert, 
2011). The supramolecular structure of starch mainly includes the granular morphology, the 
crystalline structure, the short-range order and the nanostructure (Zhang et al., 2013). Starch 
is organized in a multi-scaled form (Figure 1.4) consisting of the (a) granule (2-100 µm) into 
which we find (b) growth rings (120-500 nm) composed of (d) blocklets (20-50 nm) made of 
(c) amorphous and crystalline lamellae (9 nm) containing (g) Amylopectin and (h) amylose 
chains (0.1-1 nm) (Le Corre, Bras & Dufresne, 2010). 
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Figure 1.4 The granular design of starch (Le Corre, Bras & Dufresne, 2010). 
 
The multi-scaled starch structure is further described by Tran et al., (2011) as six leveled 
(Figure 1.5). Level 1 is the different linear branches of starch molecules where 
anhydroglucose units are linked together by α-1,4 glycosidic bonds. Level 2 is 
macromolecular branched structure where linear glucose chains are joined together by α-1,6 
glycosidic bonds to form amylopectin and amylose. The semi-crystalline structure is level 3 
made by double helices of amylopectin branches, and level 4 is growth ring structure formed 
by several crystalline and amorphous lamellae. Level 5 is the granular structure consisting of 
many growth rings and whole grain structure is level 6 where starch granules interact with 
protein, lipid, non-starch polysaccharides and other components in the grain.  
Two main types of crystalline structures have been shown by XRD (Kim & Huber, 2010; 
Nara & Komiya, 1983), the A-type crystalline structure of wheat and rice starches and the B-
type crystalline structure of tuber, fruit and stem starches such as potato and banana starches. 
An additional C-type crystalline structure is a combination of both A- and B-type structures 
(Gernat, Tadosta & Damaschun, 1990; Sarko & Wu, 1978). A V-type crystallinity which 
describes the amylose single helices co-crystallized with compounds such as iodine, dimethyl 
sulfoxide, alcohols and fatty acids has also been reported (Buleon, Colonna, Planchot & Ball, 
1998). 
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Figure 1.5 Six leveled structure of starch (Dona, Pages, Gilbert & Kuchel, 2010). 
 
1.2.3.1  Granular structure  
 
Starch granules consist of alternating concentric amorphous and semi-crystalline growth rings 
with increasing diameter extending from the hilum (the centre of growth) toward the surface 
of granules. The growth rings have a thickness of 120-400 nm and are alleged to be diurnal 
fluctuations in the deposition of starch in storage tissues (Donald, Kato, Perry & Waigh, 
2001; Gallant, Bouchet & Baldwin, 1997; Ridout, Gunning, Parker, Wilson & Morris, 2002). 
 
When viewed under polarized light, starch granules are birefringent and show the typical 
Maltese crosses (as shown in Figure 1.6). Birefringent indicates a level of molecular order in 
the granule and an orientation of the macromolecules perpendicular to its surface (Delcour et 
al., 2010). 
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Figure 1.6   A micrograph of potato starch showing Maltese crosses under polarized light 
microscope (Micromagus, 2013). 
 
The less dense amorphous shells contain amylose and less ordered amylopectin, whereas the 
semi-crystalline material consists of regular repeat of alternating amorphous and crystalline 
lamellae. At higher level organization, the semi-crystalline rings are associated with the 
amylopectin structures (Wikman, Blennow & Bertoft, 2013). The amylopectin molecule is 
highly branched with its side chain branches forming rigid double helices that associated into 
clusters (Figure 1.5). The cluster’s branching point that connects a few short helical linear 
glucan chains in parallel to the main helix axis forms the amorphous lamellae while the 
parallel double helices produces the crystalline lamellae. The combined repeat distance of the 
crystalline and amorphous lamellae, which is also the average length of an amylopectin 
cluster is 9-10 nm thick and is invariant irrespective of the botanical origin of the starch 
(Jenkins and Cameron, 1993; Jenkins and Donald, 1995).  
 
 The location of amylose in relation to amylopectin and the structure of the amorphous 
growth ring is still unclear. Generally amylose is believed to be located in the low density 
layers of the growth rings and also interspersed between the amylopectin in the crystalline 
layers disrupting the crystal packing of amylopectin (Jenkins & Donald, 1995). Amylose may 
also form inclusion complexes with any lipids present internally within the starch granule. In 
high amylose starches, amylose may contribute to the crystallinity of granules (Buleon et al., 
1998; Hoover, 2001). As amylose has a low degree of branching, dissolved amylose has a 
tendency to form insoluble semi-crystalline aggregates depending on the placement of the 
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branches in the structure, the existence of amylose chains transversely oriented through the 
crystalline lamellae has been suggested (Wikman, Blennow & Bertoft, 2013).  To date the 
organization of amylose and amylopectin in the growth rings and the lamellar architecture of 
the crystalline layers within these rings is still not fully understood (Donald, 2001; Perry & 
Donald, 2000). 
 
1.2.3.2  Crystalline structure 
XRD and NMR have provided significant information about the molecular order and 
crystallinity of starch polymers. In starch granules amylopectin is responsible for crystallinity 
and only 15 to 45% of crystalline material is found in native starches (Zobel, 1988) thus 
crystallinity is not the principal mode of organization of the starch granule polymers (Gallan, 
Bouchet & Baldwin, 1997). Molecular order determined by NMR measurements of double 
helical content is found to increase with increasing amylopectin content (Gidley, 1985) and is 
always greater than the crystalline order within the same sample (Cooke & Gidley, 1992). All 
native granular starches are found to contain regions of long-range molecular organization 
and the common crystalline forms of native starches commonly observed by XRD are A, B 
and C (Figure 1.7) (Wu & Sarko, 1978; Imberty et al., 1991, Buleon et al., 1998).  
 
Figure 1.7 X-ray diffraction diagrams of A-, B-, C- and V-type starches (van Soest & 
Vliegenthart, 1997). 
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A-type crystallinity is predominant in cereal starches such as maize, wheat and rice whereas 
the B-type is characteristics of tubers (e.g., potato) and amylose rich starches. C-type 
crystallinity which is a combination of A and B polymorphs is mainly found in legumes 
(Biliaderis, 1992). V-type crystallinity is another form of crystallinity found also in cereal 
starches. Cereal starches contain a small, but significant percentage of fatty acids and 
lysophospholipids which readily associate with amylose of starch both in solution and the 
solid state to form V-type structures. Similar structures form from complexing with iodine, 
alcohols, ketones, etc. XRD analyses of V-amylose complexes show that the amylose is 
present as a single, left-handed helix with the complexing agent not included in the helical 
channel (Gidley & Bociek, 1988). 
XRD analyses of amylose fibres and crystals show that both polymorphs A and B are made 
up of ordered arrays of double helices. The crystalline forms of starch are mainly attributed to 
the packing arrangement of double helices in a cluster of amylopectin chain and the 
crystallites of A and B starches, the double helices are found in pairs with all chains packed 
in parallel arrays. The pairing of the double helices is identical in both polymorphs with 
differences lying in the water content and the packing of the helices. In A starches, the helices 
are closely packed with a few molecules of water whereas in B type they are more loosely 
bound with more inter-helical water (see Figure 1.8). The C type is a mixture of A and B 
forms in terms of packing density (Wang et al., 2009).  
 
Figure 1.8    Double helixes packing configuration according to crystalline type (Le Corre, 
Bras and Dufresne, 2010). 
 
Crystallinity of starches is also closely related to the average chain lengths of the amylopectin 
molecules that form the clusters in the crystalline lamellae of the semi-crystalline region. A 
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type starches generally exhibit shorter glucan chains than their B counterparts while the C 
type starches show similar proportions of short and long chains of amylopectin molecules 
(Jane, 2006).  
Although starch has a very complex structure, industrially it is one of the most widely used 
biopolymers (Table 1.2) because of the ease by which its physicochemical properties can be 
changed using chemical, enzymatic or physical modifications. Native starches have limited 
potential for use in end user applications due to their poor physicochemical properties. Prior 
to expanding their potential as the next generation’s renewable source of biodegradable 
materials, starch’s complex crystalline structure need to be demolished and usually this 
modification process requires starch to be thermally treated in the presence of plasticizers 
which are additives that help in destructurising the crystallinity of starch. The post-treated 
starch formed from thermal treatment with plasticizers is called thermoplastic starch (TPS). 
 
Table 1.2:  Industrial uses of starch (Davis, Supatcharee, Khandelwal & Chibbar, 2003) 
 
Industry  Use of starch or modified starch 
Adhesive Adhesive production 
Agrochemical Mulches, pesticide delivery, seed coatings 
Cosmetics Face and talcum powders 
Detergent Surfactants, builders, co-builders, bleaching agents and bleaching 
activators 
Food Viscosity modifier, glazing agent, stabilizing agent 
Medical Plasma extender/replacement, organ preservation, absorbent sanitary 
products 
Oil and gas Viscosity modifier 
Paper and board Binding, sizing and coating 
Pharmaceutical Diluents, binder, drug delivery, fire resistance 
Plastics Biodegradable filler 
Purification Flocculant for wastewater treatment 
Textile  Sizing, finishing and printing 
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1.3  Thermoplastic starch  
1.3.1  Significance of gelatinization  
The disruption or the collapse of the granule organization of starch under heat and water or 
other plasticizers is called gelatinization. Many complementary proposals using technologies 
such as microscopic observation (Tester and Morrison, 1992; Ye and Li, 1996), DSC, XRD, 
SANS, FTIR (Jenkins & Donald, 1998), NMR spectroscopy (Baks et al., 2007), TMA and 
viscometry (Cameron and Donald, 1993; Cooke and Gidley, 1992; Jenkins et al., 1994) have 
been used to formulate the mechanism of gelatinization. Depending on the technique used, 
irreversible changes noted to accompany disruption of molecular orders are crystallite 
melting evidenced by the loss of birefringence, an uptake of heat as the conformation of 
starch is altered, hydration of starch accompanied by swelling of the granules, a decrease in 
the relaxation time of the water molecules, loss of molecular (double helical) order and 
leaching of amylose from ruptured granules (Donovan, 1979).  
 
Gelatinization in water via the use of DSC has been extensively studied in the food and 
polymer industries. The transition temperatures (onset, To; peak, Tp; conclusion, Tc) and the 
transition enthalpy (ΔH) of gelatinization are thermal characteristics normally determined 
from a DSC thermogram. One or more endothermic transitions believed to be influenced by 
the quantity of water used during gelatinization are observed in a DSC thermogram.  A single 
symmetrical endotherm defined as G, believed to be the gelatinization of amylopectin, occurs 
at the lower temperature region in the presence of abundant water whilst a second endotherm 
defined as M1 forms at either intermediate or limited water levels. A study reported by Liu et 
al (2006) also supported this argument as shown in Figure 1.9. The development of G and M1 
endotherms are governed by two mechanisms, melting or gelatinization, besides being 
solvent-assisted. Melting occurs at low moisture contents (< 30% w/w of water) for most 
starches when there is no free water in the system, and gelatinization occurs in excess water 
(usually greater than 70% water) when there is an excess of free water (Evans & Haisman, 
1982; Blanshard, 1987).  
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Figure 1.9 DSC endotherms of maize starch with different water content. The moisture 
content (from top to bottom) is: 74.57 %; 65.3 %; 51.8 %; 40 %; 29.9 %; 16.15 % and 9 % 
(Liu et al., 2006). 
 
 
Three classical models have always been used to explain the origin of G and M1 endotherms 
in limited water. The first model, proposed by Donovan (1979), views starch gelatinization as 
a water-mediated melting of starch crystallites beginning mainly in the amorphous regions of 
the granules with endotherms related to the availability of water. The G endotherm is 
believed to result from a swelling-driven crystalline disruption whereby in abundant water, 
the amorphous regions of the granules swell after imbibing water and strip starch chains from 
the surface of crystallites. The high temperature endotherm M1 emerges from the melting of 
the remaining crystallites without adequate moisture. The second model by Evans and 
Haisman (1982) uses ‘cooperative melting’ to account for the formation of the endotherms. 
This model assumes the sample system as a population of starch granules with a range of 
properties. The different peaks reflect the melting of the crystallites with different stabilities 
facilitated by water in the sample. The G endotherm represents the highly cooperative 
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melting of less stable crystallites. If more water is available, gelatinization is accelerated and 
melting point of remaining crystallites is lowered. If the amount of free water diminishes, 
most of the available water gets absorbed by the amorphous regions and less free water will 
be available to help in the melting of the stable or more perfect crystallites; hence a higher 
temperature will be used giving the M1 endotherm.  
 
The third model which was proposed by Slade and Levine (1988) utilizes the glass transition 
concept to elucidate gelatinization. According to this model, the G endotherm reflects the 
plasticization of amorphous regions while the M1 endotherm reflects the non-equilibrium 
melting of crystallites. When water is scarce, the glass transition temperature of the 
amorphous regions increases which results in a high melting temperature.  Another model, 
proposed by Waigh et al (2000) is known as the “Side-Chain Liquid-Crystalline Polymeric 
Model” (SCLCP). According to this model, gelatinization is due to the interplay between self 
assembly and the breakdown of structure during heating. The structural phase transitions 
(mesophases) can be summarized by considering three order parameters: the helical ordering, 
lamellar ordering and the number of helices. At low water contents (< 5% w/w), the 
amylopectin helices are in a glassy nematic state. Upon heating in a DSC a single endotherm 
is observed due to the helix-coil transition.  Intermediate water contents (> 5%, < 40% w/w) 
have two steps in their breakdown and there are two corresponding DSC endotherms. The 
first is thought to be due to the rearrangement of dislocations between constituent 
amylopectin helices leading to a smectic-nematic transition. The second is the helix-coil 
transition as the amylopectin helices unwind in an irreversible transition. In excess water 
(40% w/w) lamellar break up and the helix coil transition occur at the same point, since free 
unassociated helices are unstable. From a recent study apart from G and M1, multiple peaks 
M2, M3 and Z were found to occur at higher temperature regions (Liu et al., 2006).  M2 is 
reported to be the phase transition within an amylose-lipid complex as it is not found in 
potato or defatted starches (Shogren, 1992; Matveev et al., 2001). M3 is a unique endotherm 
detected only in the high amylose starch, Gelose 80 and Z is related to the annealing of 
amylopectin crystallites (Liu et al., 2006).  
 
Along with thermal properties, gelatinization can also be quantified in various other means 
depending on the feature of gelatinization being measured and the technique applied. Water 
uptake during gelatinization is usually determined by the swelling power and the size 
distribution of the granules. The swelling behavior of starch during gelatinization can also be 
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examined by considering the rheological and viscosity and pasting properties of starch. The 
pasting properties of starch are normally determined by a Rapid Visco Analyzer which 
indicates the degree of paste viscosity and stability of native starches at certain temperatures.  
The RVA instrument provides the following parameters: peak viscosity – highest viscosity 
during ‘heating’; time to peak viscosity ; trough  – lowest viscosity following peak viscosity; 
breakdown – difference between peak viscosity and trough viscosity; final viscosity  – the 
viscosity at the completion of the cycle; setback – difference between final viscosity and 
trough viscosity. Amylopectin contributes to swelling of starch granules and pasting, whereas 
amylose and lipids inhibit the swelling (Tester & Morrison, 1990). Changes in starch 
crystallinity are reflected by loss of birefringence and molecular order using optical 
microscope, x-ray scattering and NMR (Jenkins & Donald, 1998).  
Water has been the most commonly used plasticizer in the gelatinization of starch (Hulleman, 
Janssen & Feil, 1998). However, thermoplastic starch containing only water is of little value 
in practical applications because of poor mechanical properties such as brittleness resulting 
from fast retrogradation or recrystallisation (Bulkin, Kwak & Dea, 1987; Liu and Thompson, 
1998). Starch granules when heated in excess water undergo an order to disorder phase 
transition called gelatinization. On cooling, the starch chains (amylose and amylopectin) in 
the gelatinized paste associate, leading to the formation of a more ordered structure. Other 
plasticizers reported to have improved the processing properties and product performance of 
thermoplastic starch are glycerol (Thuwall, Boldizar & Rigdahl, 2006; Follain et al., 2006; 
Yu, Wang & Ma, 2005), glycol, sorbitol (Da Roz, Carvalho, Gandini & Curvelo, 2006), 
sugars (Teixeira, Dar Roz, Carvalho & Curvelo, 2007), urea (Ma, Yu & Wan, 2006), 
formamide (Ma and Yu, 2004), acetamide (Ma and Yu, 2004), ethylenebisformamide (Yang, 
Yu & Ma, 2006), ethanolamine (Ma, Yu & Wan, 2006) and citric acid (Yu, Wang & Ma, 
2005). In some cases, a combination of two or more plasticizers is also used to optimize the 
advantages and eliminate some disadvantages associated with the individual plasticizers. For 
instance, a blend of urea and ethanolamine could facilitate the formation of stable and strong 
hydrogen bonds between starch molecules which could also prevent urea from separating out 
(Ma, Yu & Wan, 2006). In another study, Yu, Wang & Ma (2005), found that citric acid 
added to a mixture of glycerol and water enhanced the thermal stability, elongation and water 
resistance of plasticized starch. The thermal stability and water resistance of thermoplastic 
starch were also reported to be improved by the combination of urea and formamide (Ma, Yu 
& Feng, 2004). Teixeira, Da Roz, Carvalho & Curvelo (2007) investigated the effect of 
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mixtures of glycerol/sugar/water and sugar/water on the plasticization of thermoplastic 
cassava starch. The effects of the different plasticizer mixtures caused different changes on 
the plasticized cassava starch.  Thermoplastic starch produced from plasticization with 
glycerol/sugar/water was reported to have a considerably reduced glass transition temperature 
while that without glycerol improved in terms of its water resistance.  
 
1.3.2  Starch processing  
Native starches are non-plastic and crystalline due to the strong intra- and intermolecular 
hydrogen bonds between the hydroxyl groups of starch molecules. Thermal processing in the 
presence of small amounts of plasticizers is employed to destroy and transform the semi-
crystalline granules into a homogeneous amorphous material (Ma, Yu & Wan, 2006). The 
thermal treatment of starch in abundant water has been the traditional way of gelatinizing 
starch under shearless conditions (Wang et al., 1991). Crystallites of starch are pulled apart 
by swelling in abundant water, leaving none to be melted at higher temperatures. At lower 
water content, gelatinization is incomplete in the temperature range 65-115 ⁰C but as 
temperature increases, starch molecules become more mobile with the crystalline regions 
destructurized through melting. Gelatinization and melting have been reported to be extra 
efficient under shear conditions irrespective of water content as shear treatment enhances the 
destructurization and melting of crystallites (Yu, Kealy & Chen, 2006; Chen et al., 2007).  
 
 The proper conversion of starch via gelatinization during starch processing is of vital 
importance to the polymer industry as it determines the properties of the starch-based 
products. Processing of starch occurs in a similar way as their synthetic counterparts in using 
techniques such as extrusion, injection moulding, compression moulding, and film casting. 
The most commonly used technique is extrusion through the use of a single screw extruder 
and a twin screw extruder.  Advantages of extrusion include the ability to handle high-
viscosity polymers in the absence of solvents, large operational flexibility due to the broad 
range of processing conditions (0-500 atm and 70-500 ⁰C), the feasibility of multiple 
injection and control of both residence time (distribution) and the degree of mixing (van 
Duin, Machado & Covas, 2001). 
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Gelatinization in the extrusion process occurs in very limited amount of water at high 
temperature and pressure. Compared to gelatinization in shear-less conditions, extrusion 
induces loss of crystallinity through the applied mechanical forces. Shear forces applied 
physically tear the starch granules apart allowing faster transfer of water into the interior 
molecules (Burros, Young & Carroad, 1987). The loss of crystallinity during extrusion is no 
longer caused by penetration of water but through mechanical disruption of the molecular 
bonds by the intense shear fields within the extruder (Wen, Rodis & Wasserman, 1990). 
Operating conditions such as barrel and die temperature screw speed and screw geometry as 
well as feed composition such as amylose, amylopectin ratio and moisture content have a 
profound impact on mechanical disruption and starch transformation (Lai and Kokini, 1991).   
 
1.3.2.1  Issues related to processing starch polymers 
Though starch based materials possesses some good qualities for substituting petroleum-
based polymers, their processing is much more complex and the most difficult to control. 
Starch processing using an extruder requires very high temperatures of 121-177 ⁰C with a 
plasticizer to transform native starch granules to a molten state. At this temperature, apart 
from getting a polymer melt of plasticized starch, the starch polymer also unavoidably 
degrades by fragmentation (depolymerization).  The level of fragmentation during extrusion 
depends on the operating conditions of the extruder (Davidson, Paton, Diosady & Larocque, 
1984).  
 
Willet, Millard & Jasberg (1997) found that the molecular weight degradation affected the 
amylopectin more than amylose with the level of degradation increased with increase in 
specific mechanical energy. Fragmentation is an important issue in that it not only changes 
the starch’s molecular weight and molecular weight distribution, but it also affects the 
structure of the molecules, processing properties such as viscosity and performance of the 
final product particularly the drastic reduction in tensile strength of the starch based material.  
In addition to fragmentation, there is a possibility of losing volatile plasticizers during 
extrusion which leads to incomplete gelatinization of starch. Some studies have reported the 
existence of ungelatinized starch granules in extruded polymer melts (Xue et al., 2008; Wang 
et al., 2010).  
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Another problem usually faced during starch processing is that at high temperatures, poor 
mixing of starch melt still exists due to high viscosity of the melt. High processing viscosity 
indirectly increases the energy required for processing and from a study concerning the 
rheological properties of cornstarch with different amylose/amylopectin contents, Xie et al 
(2009) found that viscosity increased with increase in amylose content.   
 
Starch cannot be thermally processed without water. During extrusion, the little water present 
lowers the melting temperature of the starch and plasticizes it, but with high processing 
temperature, evaporation of water is hastened which again affects processing. To resolve 
these problems, non-volatile plasticizers such as polyols (glycerol, glycol, sorbitol) and 
compounds containing nitrogen (urea, ammonium derived and amines) have been introduced 
(Xie, Halley & Averous, 2012). Sadly these traditional plasticizers have low water resistance 
that adds to the water sensitivity of starch polymers generating thermoplastic starch with poor 
mechanical properties (Yang, Yu & Ma, 2006a). With all the above issues in mind and the 
need to develop novel ‘green’ thermoplastic starch for high added value applications as in 
drug delivery, tissue engineering, food packaging, electro-active polymers and solid polymer 
electrolytes (Sankri et al., 2010), using novel plasticizers may be a promising way forward. 
 
1.3.3    Ionic liquids - Novel and promising plasticizers  
Recently; ionic liquids have been recognized for their potential as replacement solvents for 
organic solvents (Biswas et al., 2006). Ionic liquids are organic salts with melting point 
below ambient. The salt is made up of organic cation and a smaller organic or inorganic 
anion. Ionic liquids are generally categorized as ‘green solvents’ considering their ability in 
providing sustainable and environment-friendly alternative in the direct destruction and 
fractionation of biopolymers.  They have negligible vapour pressure, non-flammable, non-
volatile, conductive; possess catalytic activity, electrochemically stable and recyclable 
(Wilpiszewska and Spychaj, 2011). In addition to being environmentally friendly, ionic 
liquids effectiveness could be optimized by the combination of the appropriate cation and 
anion (Dupont, de Souza & Suarez, 2002). Other unique properties possessed are low 
hydrophobicity (Swatloski et al., 2002) and low viscosity in some (Hagiwara and Ito, 2000). 
 
Published works in the solvent applications of ionic liquids have centered on cellulose, lignin 
(Tan and MacFarlane, 2009) and direct dissolution of wood (Fort et al., 2007). The earliest 
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discovery of cellulose dissolution using ionic liquids was reported in 1934. The ionic liquid 
used then was N-ethyl pyridinium chloride which has high viscosity and melting point. It was 
not until 2002 that interest in non-aqueous organic salts in cellulose dissolution was revived 
with the discovery that the alkyl-substituted imidazolium chlorides also dissolved cellulose 
(Aaltonen and Jauhiainen, 2009).  
 
Dissolution of cellulose in a range of ionic liquids with 1-butyl-3-imidazolium cations 
[Bmim]
+ 
 was screened with a range of anions from small hydrogen bond acceptors Cl
- 
to 
large non-coordinating anions, PF6
-
. The other anions investigated included Br
-
, SCN
- 
and 
BF4
-
.  Solvents containing chloride ions were found to be the most effective in solubilizing 
cellulose. The same study tested the effect of changing the cation alkyl-substituent from butyl 
through octyl for chloride ions. The longer chain substituted ionic liquids were less efficient 
at dissolving cellulose than shorter ones (Swatloski, Spear, Holbrey & Rogers, 2002). Figure 
1.10 shows some chemical structures of representative ionic liquids found to dissolve 
cellulose to a significant extent.  
 
1-allyl-3-methylimidazolium chloride [Amim]Cl is reported to be a better cellulose solvent 
than 1-butyl-3-methylimidazolium chloride [Bmim]Cl (Zhang, Wu, Zhang & He, 2005). The 
strength of [Amim]Cl may be related to the reduction in viscosity of the ionic liquid produced 
by the double bond in the side chain in addition to the smaller size and polarity of the 
[Amim]
+
 ion (Sun, Rodriguez, Rahman & Rogers, 2011).  
 
 
 
Figure 1.10 Structure of some ionic liquids: (a) 1-butyl-3-methylimidazolium chloride         
(b) 1-allyl-3-methylimidazolium chloride (c) 1-ethyl-3-methylimidazolium acetate                 
(Sun et al., 2009).  
 
According to Singh, Simmons & Voegel (2009), by far the most effective ionic liquid for 
plant cell wall dissolution is 1-ethyl-3-methyl imidazolium acetate [Emim][OAc]. 
[Emim][OAc] is a liquid at room temperature showing much higher capability for cellulose 
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dissolution. Apart from experimental evidence that has been reported, molecular dynamics 
simulation on cellulose oligomers and [Emim][OAc] suggested that, in addition to the anion 
forming, strong hydrogen bonds with hydroxyl groups of the cellulose, the cations also form 
close contact with the cellulose through hydrophobic interactions (Liu et al., 2010). In fact 
dissolution of cellulose has turned to [Emim][OAc] because of its desirable properties such as 
low toxicity (LD50 > 2000 mg/kg) compared to chlorides, low corrosiveness, low melting 
point (< -20 ⁰C), low viscosity (10 mPa s at 80 ⁰C) and favourable biodegradability (Sun et 
al., 2009).  
 
Studies on the industrial applications of ionic liquids on starch are insufficient for conclusive 
background information (Zakrzewska, Bogel-Lukasik & Bogel-Lukasik, 2010). Studies that 
have been reported focused on the effects of [Bmim]Cl as solvents or mediums for synthesis 
reactions. Xie, Shao & Liu (2009) and Xie and Wang (2011) used [Bmim]Cl for esterification 
of corn starches. Karkkainen, Lappalainen, Joensusu & Lajunen (2011) used [Bmim]Cl to 
disperse six varieties of native starches and degrade amylose and amylopectin under 
controlled microwave heat conditions. The same ionic liquid degraded the amylopectin of 
corn, rice, wheat and potato starches by disrupting the hydrogen bonding between the 
hydroxyl groups of the polysaccharide (Stevenson, Biswas, Jane & Inglett, 2007).  
 
The best choice for the most effective ionic liquid for dissolving particular carbohydrates is 
still unknown. However, through some reported studies it is sure that starch exhibits the 
lowest solubility when compared to cellulose and lignin (Sun, Rodriguez, Rahman & Rogers, 
2011). Xie and Wang (2011) reported that some ionic liquids that contain Cl
-
 can be effective 
in destructurising the semi-crystalline structure of native starch granules. Starch solubility is 
influenced by the heating temperature and type of ionic liquid (cation and anion). At 80 ⁰C, 
15 wt%, homogeneous solution could be prepared using [Bmim]Cl (Biswas et al., 2006). At 
100 ⁰C with [Amim]Cl, up to 20 wt% clear solution was produced by Xu, Kennedy & Liu 
(2008) and 50 wt% clear, viscous transparent solution by Xu, Wang & Liu (2008). With 1-
butyl-3-methylimidazolium dicyanamide ([Bmim]dca), at 90 ⁰C, only 10 wt% solution was 
possible while, with 1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim]tfb), starch was 
insoluble (Biswas et al., 2006). Fukaya, Sugimoto & Ohno (2006) using 1-allyl-3-
methylimidazolium formate managed to dissolve 20 wt% amylose at 60 ⁰C.  
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Information on plasticization of starch using ionic liquids is scarce. However, all studies 
reported on the effect of [Bmim]Cl and [Amim]Cl as the plasticizer. The most recent study 
was done by Sankri et al (2010) in which maize starch was plasticized by [Bmim]Cl and 
glycerol under both shear (twin screw extruder) and shearless (micro-compounding) 
conditions. The extruded [Bmim]Cl plasticized starch films were less hydrophilic than that 
plasticized by glycerol. This effect seemed surprising given the strong hydrophilic nature of 
ionic liquids. However, the decrease in water uptake by the films was explained to be related 
to a specific interaction between starch and [Bmim]Cl which in a way prevented water 
molecules from interacting with the polysaccharide. From the same study [Bmim]Cl was 
inferred to be a better plasticizer of maize starch as Tg (glass transition temperature) obtained 
was lower than the Tg of glycerol plasticized films.  Molecular weight degradation observed 
from this study was claimed to be a direct impact of the thermo mechanical treatment 
experienced during the extrusion process. But the degree of degradation caused by [Bmim]Cl 
was smaller as also confirmed by Biswas et al (2006) and Stevenson, Biswas, Jane & Inglett 
(2007). From these results, the authors concluded that [Bmim]Cl may have limited 
applications as a solvent for starch.  
 
Ionic liquids can be used to produce conductive films as in solid biopolymer electrodes. 
Some recent studies have successfully carried this out with the use of [Amim]Cl. Wang and 
his team performed two studies in 2009 to investigate the feasibility of [Amim]Cl in the 
production of conductive films (Wang, Zhang, Liu & He, 2009a). In one study, films 
prepared from different combinations of [Amim]Cl/glycerol directly mixed with water were 
made using a casting process. The study found films made using [Amim]Cl to be conductive 
while glycerol plasticized films were not (Wang, Zhang, Liu & He, 2009a).  In another study 
films with high electrical conductivity were obtained by adding sodium montmorillonite to 
starch plasticized with [Amim]Cl (Wang, Zhang & Wang, 2009). Very recently, Wang, 
Zhang, Liu & Han (2010) through casting also produced conductive films from [Amim]Cl 
with some lithium chloride (LiCl) as corn starch plasticizer. The study showed that free Cl
- 
ions from the blend of [Amim]Cl with LiCl bonds with the hydroxyl or carbonyl group of 
starch and disrupts its intra and intermolecular bonds, consequently improving the 
plasticization of the thermoplastic starch. The conductivity of the [Amim]Cl plasticized films  
increased by several orders of magnitude.  
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Ionic liquids have also been used in the preparation of green composite films made from a 
combination of some natural polymers. Wu et al (2009) worked on the production of 
composite films by dissolving cellulose, starch and lignin in [Amim]Cl. The composite films 
produced were amorphous with good transparency. Starch in the matrix contributed 
favourably towards the flexibility of films. The authors argued that [Amim]Cl is a good 
solvent for composite films as films produced displayed better thermal stability and higher 
gas permeability than regenerated cellulose films. Similar studies were made by Kadokawa, 
Murakami, Takegawa, & Kaneko (2009) with the use of [Bmim]Cl to dissolve cellulose and 
starch prior to composite gel.  
 
1.4  Thesis Motivation 
 
Despite the many remarkable advances in the development of starch-based polymers, 
inherent complexity in processing starch still exists. Water sensitivity and environmental 
problems apart from degradation of starch materials are primarily key issues in the 
exploitation of starch polymers. These problems confine starch materials  applications to 
small-scale markets and since the global move is to eradicate the use of non-biodegradable 
plastics, intensive studies for high performance starch polymers is a priority.  Starch 
gelatinization has been the core study for in-depth understanding of the disruption of the 
starch granular structure and its underlying mechanism for many years, however, issues 
relating to the gelatinization phenomena remains to be resolved. These include understanding 
the roles of the different polymorphs structure of starch on gelatinization, the effect of starch 
type, consequence of modification, effect of starch amylose/amylopectin ratio and the 
influence of various plasticizers. The precise role of plasticizers on starch gelatinization also 
remains a controversial matter to date. Some plasticizers are toxic and inappropriate for 
production of starch polymers for food contact applications, while others are highly volatile 
during melting due to high starch processing temperature. Enhanced understanding of 
gelatinization fundamentals through resolving of the issues given is essential for a more 
effectual control of materials processing that would also allow the design of optimum 
processing conditions. 
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1.5   Thesis Aim 
 
The aim of this study is to understand the fundamental interactions and relationship between 
starch and ionic liquid for development of starch-ionic liquid materials from maize and         
1-ethyl-3-methylimidazolium acetate. This dissertation probes starch gelatinization via 
starch-ionic liquid interactions under shearless conditions. Maize starch mutants with 
different amylose/amylopectin contents are thermally treated with numerous concentrations 
of 1-ethyl-3-methylimidazolium acetate solutions using a range of techniques and functional 
properties determined from each technique are expounded for detailed understanding of the 
gelatinization mechanism. This study is done by characterizing: 
1. Phase transition of maize starches in various formulations of 1-ethyl-3-
methylimidazolium acetate via thermal treatment; 
2. Phase transition of maize starches in various formulations of 1-ethyl-3-
methylimidazolium acetate via room temperature;  
3. The effect and the significance of the variable property on the functional properties 
are explored for better understanding of the underlying molecular changes that occur 
during the process.   
4. The role of the ionic liquid on the mechanism of gelatinization of the maize starches 
is confirmed by the investigation of effects of other suitable plasticizers with similar 
structural moieties or co-ions as the ionic liquid.  
Overall, the data obtained from the above characterizations will be correlated and the 
underlying key properties between ionic liquid formulation and starch gelatinization will be 
identified. 
 
1.6  Thesis Structure 
 
This dissertation is structured into five chapters which commenced with a brief introduction 
of context and objectives and a concise summary of the current state of knowledge on 
structural fundamentals of starch and their application as raw materials for development of 
starch based plastics. Current state of knowledge on issues of starch processing is critically 
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analyzed indicating the need for further work. Chapter 2 is an in-depth investigation of the 
effect of various concentrations of 1-ethyl-3-methylimidazolium acetate [Emim][OAc] on 
waxy maize, regular maize, gelose 50 and gelose 80 (the four mutants of maize  starch) in 
terms of its functional properties, namely thermal properties, pasting properties, rheology and 
microscopic images of samples. Chapter 3 expands on the interesting results gained from 
Chapter 2. In this chapter the influence of water-[Emim][OAc] mole ratio on room 
temperature gelatinization or dissolution of  maize starches is considered. In some parts of 
this chapter, effect of storage time is examined. Techniques such as microscopy, 
photomicrographs, DSC, FTIR, XRD and NMR Spectroscopy are used for a systematic 
interpretation of results.   
Chapter 4 is a detailed study that expands on the results of Chapter 3. A detailed search on 
the role of [Emim][OAc] is scrutinized whereby suitable plasticizers with similar structural 
moieties to [Emim][OAc] are used to isolate the effect of [Emim]
+ 
and [OAc]
-
 ions. The ionic 
liquid, 1-ethyl-3-methylimidazolium ethyl sulphate [Emim][EtSO4] is used to characterize the 
effect of [Emim]
+ 
ions while acetic acid as screening plasticizer for [OAc]
-
  ions. The pH of 
the plasticizer is also shown to be a plausible cause of the strange results obtained in the 
earlier chapters. For in-depth understanding of the effect of pH, sodium hydroxide (NaOH) 
and urea [CO(NH2)2] are used. Techniques used in this chapter are optical camera pictures, 
microscopy and FT-Raman.  Chapter 5 contains a summary of the conclusions of this work, 
and recommendations for future work.  
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CHAPTER 2 
Effect of 1-ethyl-3-methylimidazolium acetate on the 
phase transition of starch: Dissolution or gelatinization? 
 
2.1  Introduction 
 
Starch is a natural polymer with particular properties unlike those of traditional polymers.  As 
a heterogeneous material, it has macromolecular structures bound in a granular 
superstructure; it normally has both linear (amylose) and branched (amylopectin) molecules; 
and it contains both amorphous and crystalline regions within its granules (Pérez & Bertoft, 
2010).  When native starch granules are heated in water, their semi-crystalline nature and 
three-dimensional architecture are gradually disrupted, resulting in a phase transition from the 
ordered granular structure into a disordered state in water, which is known as “gelatinization” 
(Atwell, Hood, Lineback, Varrianomarston & Zobel, 1988; Lelievre, 1974).  Gelatinization is 
an irreversible process that includes several, often sequential steps, such as granular swelling, 
native crystalline melting (loss of birefringence), and molecular solubilization (Russo et al., 
2009).  The gelatinization process is essential in the processing of foods and the emerging 
biodegradable starch-based materials.  
 
For improving starch’s processibility and product properties, adding new functionalities, and 
expanding the current applications, it is not uncommon to carry out processing of starch in 
environments containing substances other than water. Various plasticizers and additives for 
starch processing that have been used include polyols (glycerol, glycol, sorbitol, etc.) and 
nitrogen-containing compounds (urea, ammonium derived, and amines) (Liu, Xie, Yu, Chen 
& Li, 2009; Xie, Halley & Averous, 2012). However, these plasticizers or additives either are 
not stable under normal processing conditions, can be lost from the final product, or are 
hydroscopic.  An alternative class of materials known as ionic liquids (ILs), now commonly 
defined as salts which melt below 100 °C, has recently attracted much interest for the 
processing of biopolymers including starch.  Many ILs, especially ones based on the 
imidazolium cation, outperform other plasticizers and additives as they directly dissolve 
28 
 
polysaccharides such as starch and thus can be used as an excellent media for polysaccharide 
plasticization and modification (Biswas, Shogren, Stevenson, Willet & Bhowmik, 2006; El 
Seoud, Koschella, Fidale, Dorn & Heinze, 2007; Wilpiszewska & Spychaj, 2011; 
Zakrzewska, Bogel Łukasik & Bogel Łukasik, 2010; Zhu et al., 2006). Furthermore, studies 
have shown that starch-based ionically conducting polymers or solid polymer electrolytes 
could be developed by using ILs as plasticizers, such as 1-allyl-3-methylimidazlium chloride 
([Amim][Cl]), 1-butyl-3-methylimidazolium hexafluorophosphate ([Bmim][PF6]), or 1-butyl-
3-methylimidazolium trifluoromethanesulfonate ([Bmim][CF3SO3]) (Liew, Ramesh, Ramesh 
& Arof, 2012; Ramesh, Liew & Arof, 2011a; Ramesh, Shanti, Morris & Durairaj, 2011b; 
Ramesh, Shanti & Morris, 2012; Wang, Zhang, Liu & He, 2009a; Wang, Zhang, Wang & 
Liu, 2009b; Wang, Zhang, Liu & Han, 2010b).  Sankri et al (2010) and Leroy, Jacquet, 
Coativy, Reguerre & Lourdin (2012) have done pioneering work using 1-butyl-3-
methylimidazolium chloride ([Bmim][Cl]) as a new plasticizer in melt processing of starch-
based materials and improvements in plasticization, electrical conductivity, and 
hydrophobicity were demonstrated.   
 
It is worth noting that many of the ILs used previously to plasticize starch contained the 
corrosive [Cl
−
] anion (e.g. [BMIM][Cl]) (Wilpiszewska & Spychaj, 2011).  By heat 
dispersion in this type of IL, macromolecular degradation of starch could be observed 
(Kӓrkkӓinen, Lappalainen, Joensuu & Lajunen, 2011; Stevenson, Biswas, Jane & Inglett, 
2007) due to acidic hydrolysis of glycosidic bonds in starch-based materials.  Specifically, 
the reason for this degradation is the formation of HCl (as a result of the protonation of [Cl
−
] 
anion in the presence of moisture), which can catalyze the depolymerization of starch 
(Kӓrkkӓinen et al., 2011).  Considering these issues, it has been suggested that ILs with non-
halogen-containing anions such as 1-ethyl-3-methylimidazolium acetate ([Emim][OAc]) (see 
Figure 2.1 for chemical structure) may be more suitable for the development of high-
performance functional starch-based materials.  [Emim][OAc] has a very low vapor pressure, 
high thermal stability, and relatively low viscosity at room temperature (Liu & Budtova, 
2012), which enables it to be used with starch in a wide range of processing conditions.   
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Figure 2.1 Chemical structure of 1-ethyl-3-methylimidazolium acetate ([Emim][OAc]).  
 
Very recently, Liu and Budtova (2012) carried out a quality study of 
gelatinization/dissolution of waxy maize starch in water–[Emim][OAc] mixtures of different 
ratios by microscopy.  Compared with pure water or neat [Emim][OAc], the water–
[Emim][OAc] mixtures of certain ratios produced better gelatinization and dissolution of 
starch at elevated temperature (Liu & Budtova, 2012). Their results also showed that the 
dependence of gelatinization/dissolution parameters on the ratio of water/[Emim][OAc] was 
quite complex.  However, the mechanism of such gelatinization/dissolution was not well 
understood and it is unlikely that starch–IL gelatinization is best revealed using solely 
microscopy.   
 
This chapter focuses on understanding the role of water/[Emim][OAc] mixtures in starch 
gelatinization/dissolution and the establishment of the corresponding mechanisms.  Maize 
starches with different amylose contents have been used.  They are interesting because they 
can be directly provided by nature and the varied amylose content has an impact on the native 
granular structures, processing behaviors, and final product properties (Chaudhary, Miler, 
Torley, Sopade & Halley, 2008; Chaudhary, Torley, Halley, McCaffery & Chaudhary, 2009; 
Li et al., 2011; Tan, Flanagan, Halley, Whittaker & Gidley, 2007; Wang, Yu, Xie, Chen, Li & 
Liu, 2010a; Xie et al., 2009, 2012).   
 
The three most recognized techniques for starch gelatinization characterization were used; 
namely differential scanning calorimetry (DSC), rapid visco analysis (RVA), and 
microscopy.  DSC provides the possibility of analyzing the transition temperatures as well as 
the transition enthalpies, which correspond to the melting of crystalline structures in starch 
during heating.  RVA, which is used as an industrial standard, detects the viscosity change of 
starch slurries during a pre-set controlled heating and cooling, where the gelatinization 
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process (which results in viscosity changes) can be revealed.  Microscopy is a simple but 
reliable method in the study of starch as it reveals the morphology (under normal light) and 
crystalline structures (under polarized light) of starch.  To the best of our knowledge, this is 
the first work involving the use of these different techniques in the study of starch phase 
transitions in ionic liquid–water environments and the exploration of the possibility to 
dissolve starch at reduced temperature.  Basic knowledge related to the use of ILs in starch 
processing is thus provided, which is valuable for future work.  
 
2.2  Experimental Procedure 
 
2.2.1  Materials  
 
Four commercially available maize starches were used in this work, including waxy maize 
starch (Mazaca 3401X) (WMS), regular maize starch (Avon Maize Starch) (RMS), Gelose 50 
(G50), and Gelose 80 (G80).  RMS was supplied by New Zealand Starch Ltd. (Onehunga, 
Auckland, New Zealand) and the other three starches were supplied by National Starch Pty 
Ltd. (Lane Cove NSW 2066, Australia).  All starches were chemically unmodified and the 
amylose contents for these four types of starches were 3.4%, 24.4%, 56.3% and 82.9%, 
respectively, as measured by Tan et al (2007) using the iodine colorimetric method.  The 
original moisture contents of the four starches were 12.4%, 14.1%, 13.6%, and 14.4% w/w, 
respectively.  Deionized water was used in all instances.  [Emim][OAc] of purity ≥90%, 
produced by BASF, was supplied by Sigma-Aldrich.  [Emim][OAc] was used as received 
without further purification but the purity was considered for molar ratio calculation.  As 
[Emim][OAc] was in liquid form at room temperature, different ratios of water–
[Emim][OAc] mixture could be easily prepared in vials for subsequent studies.  Water and 
[Emim][OAc] were completely miscible according to the [Emim][OAc] specifications 
provided by BASF.  The mass ratios of water/[Emim][OAc] used were 10/0, 9/1, 7/3, 5/5, 
4/6, 2/8, and 0/10; and the related mole ratios were 1/0 (pure water), 96.0/1, 25.0/1, 10.8/1, 
7.2/1, 2.8/1, 0.1/1 (Table 2.4).  Mole ratios will be used in the Results and Discussion 
sections below. 
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2.2.2  DSC 
 
A TA Q2000 DSC (TA Instruments, Inc., New Castle, DE 19720, USA) was used to 
investigate the thermal transition of native starches in water–[Emim][OAc] mixtures.  1.5–
3 mg of starch was weighed into the 40 μL Tzero aluminium pan (TA Instruments), to which 
was then added, by a micro syringe, the water–[Emim][OAc] mixture, in the amount 10 times 
that of the starch.  Then, a pin was used to gently mix starch with the plasticizer.  After 
sealing, the pan was gently shaken for a few seconds.  The mixing and shaking were to 
ensure the starch granules were completely immersed and equally dispersed in the liquid but 
did not sediment at the bottom of the pan.  The pans thus prepared were transferred into the 
DSC machine for immediate analysis to avoid sedimentation of starch granules or time 
effects of the water–[Emim][OAc] mixture on starch.  An empty pan was used as a reference.  
The pans were heated from 20 °C to 120 °C at a scanning rate of 5 °C/min.  The instrument 
was calibrated using indium as a standard.  At least two runs were carried out for each sample 
to ensure the consistency of the results.  The Universal Analysis 2000 (TA Instruments–
Waters LLC) software was used to analyze the main gelatinization endotherm of the DSC 
traces for the onset (To), peak (Tp), and conclusion (Tc) temperatures, the thermal transition 
temperature range (ΔT, i.e. Tc−To), and the enthalpy (ΔH).  
 
2.2.3  RVA 
 
The pasting properties of all starch samples were determined with a Rapid Visco Analyzer 
RVA 4 controlled by Thermocline for Windows version 2.2 (Newport Scientific Pty Ltd., 
Warriewood NSW 2102, Australia).  The RVA sample preparation procedure and heating 
profile followed a previous study (Torley, Rutgers, D’Arcy & Bhandari, 2004).  Briefly, a 
3.0 g starch sample was weighed into a sample test canister and 25.0 g of the water–
[Emim][OAc] mixture was added.  The RVA impeller was jogged up and down and rotated 
in the canister to suspend the starch in the liquid.  The RVA canister and impeller were then 
positioned in the RVA and the trial started.  The test profile involved stirring at 960 rpm for 
10 s at 50 °C, stirring at 160 rpm for 50 s at 50 °C (this rotation rate was maintained in all 
subsequent stages of the test), heating from 50 °C to 95 °C within 225 s, holding at 95 °C for 
300 s, cooling from 95 °C to 50 °C within 285 s, and holding at 50 °C for 300 s.  The total 
test time was 1170 s (19.5 min). The RVA pasting curve was analyzed to determine a series 
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of characteristic parameters, including pasting temperature (temperature at which viscosity 
starts to increase), peak viscosity (maximum viscosity during heating to or holding at 95 °C), 
trough viscosity or holding strength (minimum viscosity after peak viscosity has been 
reached), and final viscosity (viscosity at the end of run).  Breakdown (difference between 
trough viscosity and peak viscosity) and setback (difference between final viscosity and 
trough viscosity) were calculated.  However, this kind of analysis was not possible for some 
of the curves due to the irregularity of shape. The viscosity in RVA is expressed in rapid 
visco units (RVU). 
 
2.2.4  Microscopy 
 
A polarization microscope equipped with a CMOS camera was used in the experimental 
work.  The magnification used was ×400 (40×10).  Both normal and polarized light were 
used to obtain the microscopic images of the starch samples (native starches, and the starch 
samples from DSC and RVA) at room temperature.  At least three replicates were performed 
for each sample to ensure consistent results. For the observation of native starches, 
suspensions with 0.5% starch were prepared in glass vials.  A small drop of starch suspension 
was transferred by a micro syringe onto a glass slide which was then covered by another glass 
slide.  Silicon adhesive was used to seal the starch suspension between the two glass slides to 
avoid evaporation during observation. Microscopic observation of starch samples after DSC 
treatment was also carried out.  After DSC scanning to specific temperatures, the starch 
samples were rapidly cooled to room temperature.  Immediately after that, the starch sample 
was taken out of the DSC pan for microscopic observation using the same method as for 
native starches.  The sample was further dispersed if the particles were too dense.   
 
2.2.5  pH 
 
All pH values are shown for samples at room temperature. For measuring the pH value of 
water/[Emim][OAc] mixture with starch, waxy maize starch was used as an example. In this 
case, pH measurements were carried out according to the method ISI 26-5e of International 
Starch Institute. 
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2.2.6  Rheology 
 
Rheological measurements were carried out at 22 ⁰C on a TA AR G2 stress controlled 
rheometer using a 40 mm Titanium parallel plate at a commanded gap of 30 μm; temperature 
was controlled at the bottom plate using the peltier unit. To limit evaporation, 10cSt silicone 
oil (E200, Esco) was washed over the outer edge of the plate and a cover used over the 
geometry. By using a narrow gap, we reduce the required sample volume and achieve shear 
rate of 10
5
 s
-1
. The narrow gap technique is detailed elsewhere (Davies & Stokes, 2005, 
2008). Briefly, the gap error that arises from plate misalignment and other factors must be 
measured and then several calculations were performed post-testing: (1) the gap error 
correction is applied to η, which accounts for the radial dependence of the shear rate when 
using the parallel-plate; and (3) a check that the Reynolds number (Re = ρh2γR/η) is below 
100, which is a test for secondary flow effects. 
 
2.3  Results 
2.3.1 Effect of water/[Emim][OAc] mole ratios on 
gelatinization/dissolution of maize starches with different 
amylose contents 
 
Figure 2.2a-d show the DSC results of maize starches with different amylose content in 
water–[Emim][OAc] mixtures of various ratios, and the endothermic characteristics are 
summarized in Table 2.1.  The axes scales in the figures have been standardized  the same for 
better comparison of the results of different starches.  There are several known transitions 
that can be seen in the DSC results of the different starches.  It can be seen from Figure 2.2a 
that for WMS in pure water, there was a single well-defined endothermic peak between 64 °C 
to 84 °C, which is undoubtedly attributed to the gelatinization (G) of amylopectin (Liu, Yu, 
Xie & Chen, 2006; Perry & Donald, 2000; Perry & Donald, 2002; Tan, Wee, Sopade & 
Halley, 2004).  An additional peak termed M1, which usually appears at low water or 
plasticizer content (H. Liu et al., 2006; P. Liu et al., 2011), reflecting the helix-coil 
transformation associated with the unwinding of amylopectin double helices and loss of the 
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starch granular birefringence (Waigh, Gidley, Komanshek & Donald, 2000), was not 
observed here.            
 
 
 
 
 
 
Figure 2.2   DSC results of different starch (a–b: WMS and RMS, respectively) in water–
[Emim][OAc] mixtures of different ratios. 
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Figure 2.2   DSC results of different starch (c–d: G50 and G80, respectively) in water–
[Emim][OAc] mixtures of different ratios. 
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Table 2.1  DSC results of different starches with various water/[Emim][OAc] mole ratios. 
Sample Water/[Emim][OAc] 
molar ratio 
To (°C) Tp (°C) Tc (°C) ΔT (°C) ΔH (J/g) 
WMS Pure water 64.49±0.09
a
 71.92±0.03 83.80±0.08 19.29±0.00 19.85±0.69 
 96.0/1 73.53±0.16 79.82±0.58 91.13±0.00 17.60±0.16 22.17±0.74 
 25.0/1 75.78±0.09 82.50±0.56 94.69±0.00 18.91±0.09 27.85±0.60 
 10.8/1 57.29±0.12 63.18±0.02 71.67±0.09 14.38±0.03 16.23±0.21 
 7.2/1 35.54±0.38 40.83±0.24 47.69±0.05 12.15±0.36 6.95±1.72 
 2.8/1 Exothermic peak 
 0.1/1 Exothermic peak 
 
RMS Pure water 61.99±0.08 68.27±0.24 80.09±0.07 18.10±0.07 17.60±1.01 
 96.0/1 72.36±0.11 77.46±0.26 90.01±0.00 17.66±0.11 17.96±0.30 
 25.0/1 76.40±0.40 81.33±0.25 89.21±0.06 12.81±0.40 16.82±1.59 
 10.8/1 53.21±0.23 58.70±0.26 67.60±0.07 14.39±0.30 15.88±0.84 
 7.2/1 42.47±0.11 47.29±0.14 54.72±0.93 12.25±0.95 6.44±0.30 
 2.8/1 Exothermic peak 
 0.1/1 Exothermic peak 
 
G50 Pure water 67.45±0.08 76.78±0.82 111.21±0.10 43.76±0.17 25.20±1.67 
 96.0/1 73.89±1.26 82.10±0.25 112.44±0.09 38.55±1.17 33.56±0.33 
 25.0/1 77.91±0.03 85.06±0.04 110.85±0.00 32.94±0.03 24.94±0.70 
 10.8/1 54.31±0.09 79.07±0.24 96.01±0.09 41.70±0.18 25.09±1.17 
 7.2/1 Exothermic peak 
 2.8/1 Exothermic peak 
 0.1/1 Exothermic peak 
 
G80 Pure water 66.18±0.79 79.51±0.17 108.27±0.00 42.07±0.75 24.32±1.32 
 96.0/1 69.66±1.65 92.48±0.71 108.36±0.08 38.71±1.56 53.08±1.19 
 25.0/1 75.70±0.28 88.69±0.65 114.26±0.00 38.57±0.28 32.36±0.06 
 10.8/1 Endothermic peak, but too weak to determine 
 7.2/1 Exothermic peak 
 2.8/1 Exothermic peak 
 0.1/1 Exothermic peak 
a
 Standard deviation 
 
 
The gelatinization peak, G, related to the transition from smectic to nematic phase for B-type 
starches such as G50 and G80, and from smectic to isotropic phase for A-type starches such 
as WMS and RMS (Waigh et al., 2000), appears to have completely overlapped with the M1 
transition because of the excess of water/[Emim][OAc] used.  The M2 transition is related to 
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the phase transition of amylose-lipid complex (Biliaderis, Page, Slade & Sirett, 1985; 
Jovanovich & Añón, 1999; Raphaelides & Karkalas, 1988), and, as expected, was not 
observed for WMS because of their rather low amylose content, but it was observed for G50 
and G80.  With the variation in the water/[Emim][OAc] ratio from pure water to 25.0/1 
mol/mol, the gelatinization peak moved to a higher temperature accompanied with a greater 
ΔH (Figure 2.2a and Table 2.1). 
 
Microscope images in Figure 2.3 substantiate the increase in the gelatinization temperature 
as, while there was no apparent change in starch granules at the To, almost all the granules 
were destroyed with the absence of the birefringence at the Tc.  However, a further decrease 
in the water/[Emim][OAc] ratio resulted in the gelatinization peak moving towards a lower 
temperature and the area under the peak becoming smaller.  When the ratio was changed to 
7.2/1 mol/mol, the gelatinization peak shifted to a lower temperature (between 35 °C and 48 
°C) accompanied by an exothermic peak that partially overlapped this peak at lower 
temperature.  The gelatinization peak in this case appeared relatively moderate (i.e., with 
reduced enthalpy, compared to the other peaks at lower [Emim][OAc] content) with a 
possible reason being that it has been offset by the exothermic transition.  From the 
microscopic images in Figure 2.3, it can be seen that immediately after the endothermic and 
exothermic transitions (i.e. 48 °C), the granules were largely swollen and even destroyed, 
although some granules were still retained and showed birefringence.  The granules were 
completely destroyed at 100 °C, suggesting that the granules continued to be broken down 
between 48 °C and 100 °C even though there were no DSC peaks found in this temperature 
range.  
When the 0.1/1 mol/mol water–[Emim][OAc] mixture was used, a very large and broad 
exothermic peak occurred with its peak at a temperature as high as 88 °C.  In this case, no 
endothermic transition like gelatinization was observed.  This could be either that an 
endothermic transition did not occur or that it did, but was concealed by the large exothermic 
transition.  Microscopy (Figure 2.3) further showed that gelatinization had not started before 
48 °C (the Tc in the 7.2/1 water–[Emim][OAc] mixture); however, complete disruption of 
granular and crystalline structures did occur between 48 °C and 100 °C                                  
(or somewhere during the exothermic transition). 
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Figure 2.3 Normal and polarized light (NL and PL, respectively) microscope images of WMS and RMS, and the related post-DSC samples 
in water–[Emim][OAc] mixtures of different ratios (pure water, 25.0/1 mol/mol, 7.2/1 mol/mol, and 0.1/1 mol/mol).  Refer to Table 2.2 for the 
definitions and values of T1 and T2. 
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Figure 2.3 Normal and polarized light (NL and PL, respectively) microscope images of G50 and G80, and the related post-DSC samples in 
water–[Emim][OAc] mixtures of different ratios (pure water, 25.0/1 mol/mol, 7.2/1 mol/mol, and 0.1/1 mol/mol).  Refer to Table 2.2 for the 
definitions and values of T1 and T2. 
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Table 2.2  Temperatures used for microscopic observation shown in Figure 2.3 
Sample Water/[Emim][OAc] mole ratio T1 (⁰C) 
a
 T2 (⁰C) 
a
 
WMS Pure water 64 84 
 25.0/1 75 95 
 7.2/1 48 100 
 0.1/1 48 100 
RMS Pure water 61 81 
 25.0/1 76 90 
 7.2/1 55 107 
 0.1/1 55 107 
G50 Pure water 67 112 
 25.0/1 77 111 
 7.2/1 50 115 
 0.1/1 50 115 
G80 Pure water 66 109 
 25.0/1 75 115 
 7.2/1 55 115 
 0.1/1 55 115 
 
a    For all the starches in pure water or the 25.0/1 mol/mol water/[Emim][OAc] mixture, T1 = T0 (DSC) and T2 = Tc (DSC); for all the starches   
in the 7.2/1 mol/mol or 0.1/1 mol/mol water/[Emim][OAc] mixture, T1 is the Tc of the endothermic/exothermic transition in    7.2/1 mol/mol  
water/[Emim][OAc] mixture and T2 is the Tc of the exothermic transition in the 0.1/1 mol/mol water/[Emim][OAc] mixture.
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It can be seen from Figure 2.2 and Table 2.1 that the water/[Emim][OAc] ratio had a very 
similar effect on the phase transition behavior of RMS, G50, and G80, as it did on that of 
WMS as reported above.  With higher amylose content, the gelatinization peak became less 
sharp and even appeared as a shoulder, which is believed to be related to the phase transition 
of amylose-lipid complex (M2) (Biliaderis et al., 1985; Jovanovich & Añón, 1999; 
Raphaelides & Karkalas, 1988). From the microscopic images in Figure 2.3, it can be seen 
that there had already been some degree of change for RMS in the 25.0/1 mol/mol water–
[Emim][OAc] mixture before the To.  This change, however, was not evident for G50 and 
G80.   
 
The microscope images also showed that the granules, while swollen, were not fully 
solubilized at the Tc for these starches in pure water or the 25.0/1 mol/mol water–
[Emim][OAc] mixture.  G50 and G80 even maintained some intact granules at the Tc.  This is 
no surprise since high amylose starches like G50 and G80 are known to have difficulty in 
reaching complete gelatinization (Chen, Yu, Kealy, Chen & Li, 2007; H. Liu et al., 2006; P. 
Liu et al., 2011). Gelatinization of these high amylose materials typically requires higher 
temperatures or shear treatment. With the decrease in water/[Emim][OAc] ratio from pure 
water to 96.0/1 mol/mol, and then to 25.0/1 mol/mol, the ΔH first increased and then 
decreased for RMS, G50, and G80, which is different from the case of WMS.  This trend was 
more prominent when the amylose content was higher.  In addition to these, it is noteworthy 
that the exothermic transition for the four starches in the 7.2/1 mol/mol water–[Emim][OAc] 
mixture gradually moved to higher temperature (33 °C, 40 °C, 41 °C, and 47 °C, 
respectively) with higher amylose content.  However, when the 0.1/1 mol/mol water–
[Emim][OAc] mixture was used, this trend was not observed.  Nonetheless, RMS had a 
higher peak temperature of the large exothermic transition than any other maize starch.  The 
microscopic results show that while RMS and G50 showed similar results to WMS — in that 
the 7.2/1 mol/mol water–[Emim][OAc] mixture displayed some degree of change before the 
Tc of the endothermic/exothermic transition — much less change was observed for G80.  
Again, in the 7.2/1 mol/mol water–[Emim][OAc] mixture, most of the structural change 
occurred at higher temperature than the Tc.  In the 0.1/1 mol/mol water–[Emim][OAc] 
mixture, higher temperature was needed for the structural breakdown to start, when compared 
to the 7.2/1 mol/mol water–[Emim][OAc] mixture.  
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2.3.2 Effect of water/[Emim][OAc] ratio on pasting properties of 
maize starches with different amylose contents 
 
Figure 2.4 shows the RVA results of maize starches with different amylose contents as 
affected by the water/[Emim][OAc] ratio; and the characteristic parameters of RVA pasting 
curves are summarized in Table 2.3.  The axes scales of the figures are standardized for better 
comparison of the results from different starches. It can be seen from Figure 2.4a that the 
water/[Emim][OAc] ratio had a significant impact on the RVA profile of WMS.  The pasting 
temperature of WMS in pure water was 72 °C; and this temperature was increased to 81 °C 
and to 82 °C for the sample in the 96.0/1 mol/mol water–[Emim][OAc] mixture and the 
25.0/1 mol/mol water–[Emim][OAc] mixture, respectively (Table 2.3).  However, when the 
water/[Emim][OAc] ratio was further reduced to 7.2/1 mol/mol, the pasting temperature 
decreased to < 50 °C.  This shows the same trend as observed by DSC.   
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Figure 2.4   RVA results of different starch (a–b: WMS and RMS respectively) in water–
[Emim][OAc] mixtures of different ratios (pure water, 96.0/1 mol/mol, 25.0/1 mol/mol, 7.2/1 
mol/mol, and 0.1/1 mol/mol).  
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Figure 2.4   RVA results of different starch (c–d: G50 and G80 respectively) in water–
[Emim][OAc] mixtures of different ratios (pure water, 96.0/1 mol/mol, 25.0/1 mol/mol, 7.2/1 
mol/mol, and 0.1/1 mol/mol). 
 
It is no surprise to see a difference between the pasting temperature obtained by RVA and the 
To obtained by DSC as the change in crystalline structures should occur prior to the increase 
in viscosity as a result of granular swelling during gelatinization.  Previous studies (Liu, 
Lelievre & Ayoung-Chee, 1991; Xie, Yu, Chen & Li, 2008) have also shown that different 
techniques detect starch gelatinization in different ways giving slightly different values.  On 
the other hand, the decrease in water/[Emim][OAc] ratio resulted in an upward shift of the 
entire pasting curve to higher viscosity values.  This is especially the case for the sample in 
the 7.2/1 mol/mol water–[Emim][OAc] mixture.  The peak viscosity is as high as 14235 
RVU, which is much higher than those (3741 RVU, 3795 RVU, and 4411 RVU, respectively) 
of the samples in pure water, in the 96.0/1 mol/mol water–[Emim][OAc] mixture, and in the 
25.0/1 mol/mol water–[Emim][OAc] mixture.   
 
However, when the 0.1/1 mol/mol water–[Emim][OAc] mixture was used, a different curve 
profile was observed.  The pasting temperature (80.6 °C) was similar to that of the sample in 
the 96.0/1 mol/mol water–[Emim][OAc] mixture and the peak viscosity was lower than those 
in all other cases.   
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Table 2.3   Characteristic parameters of RVA pasting curves of different starches with various water/[Emim][OAc] ratios 
Sample Water/[Emim][OAc] 
mole ratio 
Pasting 
temperature 
(°C) 
Peak 
viscosity 
(RVU) 
Trough 
viscosity 
(RVU) 
Final 
viscosity  
(RVU) 
Breakdown 
viscosity 
(RVU) 
Setback 
viscosity 
(RVU) 
WMS Pure water 72.1 3741  1398  1814  2343  416  
 96.0/1 80.7 3795  1609  1901  2186  292  
 25.0/1 82.4 4411  2100  2559 2311  459  
 7.2/1 ≤50 14235  2613  3585  11622  972  
 0.1/1 80.6 2611  2385  5019  226  2634  
RMS Pure water 74.0 3293  1668  3018  1625  1350  
 96.0/1 80.2 3520  2068  3024 1452  956  
 25.0/1 84.0 6025  2289  3790  3736  1501  
 7.2/1 ≤50 10046  1511  2165  8535  654  
 0.1/1 79.8 2973  2946  7392  27  4446  
G50 Pure water 73.5 1046  – 685  – – 
 96.0/1 81.3 767  – 422  – – 
 25.0/1 86.6 1933  – 1010  – – 
 7.2/1 ≤50 6046  3698  4567  2348  869  
 0.1/1 75.6 1742  1672  5208  70  3536  
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In the 0.1/1 mol/mol water–[Emim][OAc] mixture, the breakdown viscosity was small but there 
was a relatively big setback viscosity (Table 2.3).  Furthermore, the final viscosity of WMS in 
the different mixtures were in the order pure water < 96.0/1 mol/mol < 25.0/1 mol/mol < 7.2/1 
mol/mol < 0.1/1 mol/mol (see Figure 2.4), corresponding to, but not necessarily solely 
contributed by, the viscosity of the mixture.  
 
From Figure 2.4b–d and Table 2.3, it can be observed that WMS, RMS, G50, and G80 also 
showed the same effects of water/[Emim][OAc] ratio on pasting temperature and viscosity.  
Again, the effects from RVA corresponded well to the results from DSC, except that the 
gelatinization temperature of the samples in the 0.1/1 mol/mol water–[Emim][OAc] mixture 
could not be detected by DSC.  It is also worth noting that the final viscosity of RMS in the 7.2/1 
mol/mol water–[Emim][OAc] mixture was lower than in the other mixtures.  Another 
noteworthy fact is that high-amylose starches G50 and G80 showed irregular RVA curves 
because of their difficulty to gelatinize; i.e., they required much higher temperatures to complete 
gelatinization (H. Liu et al., 2006). Trough viscosity could not be easily identified, as an increase 
in viscosity during temperature holding at 95 °C could be observed in some cases.  This could be 
due to the fact that a prolonged process of granular swelling (which resulted in a viscosity 
increase) occurred in parallel with the granular disruption (which contributed to a viscosity 
decrease).  This is especially the case for G50 in the 25.0/1 mol/mol water–[Emim][OAc] 
mixture.  Moreover, negligible or very small increases in viscosity were observed for G80 in 
pure water, or in the 96.0/1 or 25.0/1 mol/mol water–[Emim][OAc] mixtures, showing very 
limited granular swelling. However, in the case of G50 or G80 in the 7.2/1 mol/mol water–
[Emim][OAc] mixture, a prominent increase in viscosity and a typical RVA curve pattern could 
still be observed, representing the “gelatinization process” and the following pasting behavior, 
which is in contrast to the results from DSC where no endothermic transition could be found.  
The initial viscosity increases in this case were much more remarkable than G50 and G80 in the 
0.1/1 mol/mol water–[Emim][OAc] mixture.  Furthermore, while the final viscosity as a result of 
a strong setback for WMS, RMS, and G50 in the 0.1/1 mol/mol water–[Emim][OAc] mixture 
was higher than those of these samples in the aqueous mixtures, this was not the case for G80, of 
which the final viscosity in the 0.1/1 mol/mol water–[Emim][OAc] mixture was much lower than 
that in the 7.2/1 mol/mol water–[Emim][OAc] mixture.  
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Figure 2.5 shows the microscope images of the four starches before and after the RVA process.  
Compared with the native starches which have intact granules and bright birefringence patterns, 
the samples after the RVA process have different degrees of gelatinization as influenced by the 
water/[Emim][OAc] mixtures.  For WMS, full gelatinization in any of the mixtures could be 
confirmed by both the normal light images which show complete dissolution except for just a 
few granular remains and the polarized light images which show no residual polarization (black).   
For RMS, pure water and the 96.0/1 mol/mol (not shown in the figure) and 25.0/1 mol/mol 
water–[Emim][OAc] mixtures resulted in a textural pattern under normal light, despite that no 
birefringence was observed under polarized light.  This textural pattern, however, was not shown 
for RMS in the 7.2/1 mol/mol water–[Emim][OAc] mixture.  This could correspond to the lower 
final viscosity of RMS in the 7.2/1 mol/mol water–[Emim][OAc] mixture as mentioned above.  
Full dissolution was also observed for RMS in the 0.1/1 mol/mol water–[Emim][OAc] mixture.   
For high-amylose starches such as G50 and G80, the granules, though expanded, were largely 
retained after RVA treatment with pure water, or the 96.0/1 mol/mol (not shown in the figure) or 
25.0/1 mol/mol water–[Emim][OAc] mixture.  The polarized light images show very slight 
birefringence for G80 in the 96.0/1 mol/mol (not shown in figure) or 25.0/1 mol/mol water–
[Emim][OAc] mixtures.  It is known that, at least in pure water, G50 and G80 cannot be fully 
gelatinized under 95 °C (the highest temperature used in RVA) (H. Liu et al., 2006). 
Nevertheless, the granules became blurred and no birefringence could be observed after RVA 
treatment with the 7.2/1 mol/mol water–[Emim][OAc] mixture.  Complete dissolution was 
observed for all the starches in pure [Emim][OAc] after RVA treatment. 
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Figure 2.5 Normal and polarized light (NL and PL, respectively) microscope images of WMS and RMS, and the related post-RVA 
samples in water-[Emim][OAc] mixtures of different ratios (pure water, 25.0/1 mol/mol, 7.2/1 mol/mol, and 0.1/1 mol/mol). 
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Figure 2.5 Normal and polarized light (NL and PL, respectively) microscope images of G50 and G80, and the related post-RVA samples in 
water-[Emim][OAc] mixtures of different ratios (pure water, 25.0/1 mol/mol, 7.2/1 mol/mol, and 0.1/1 mol/mol). 
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Table 2.4  pH values and viscosities of the water/[Emim][OAc] mixtures of different ratios 
Water/[Emim][OAc]/starch 
mass ratio 
Water/[Emim][OAc]/-
OH of starch mole ratio
a 
pH (without starch) pH (with starch) Viscosity (Pa s) 
10/0/1 106.50/0/3.03 7.81 5.34 0.0009 ± 0.0000
b 
 9/1/1 95.99/1/3.03 6.33 6.31 0.0013 ± 0.0000 
7/3/1 24.99/1/1.01 6.54 6.50 0.0025 ± 0.0000 
5/5/1 10.79/1/0.61 7.93 7.79 0.0061 ± 0.0000 
4/6/1 7.24/1/0.50 8.58 n/a
c
 0.0104 ± 0.0002 
2/8/1 2.81/1/0.38 10.77 10.58 0.0241 ± 0.0005 
0/10/1 0.14/1/0.30 13.45 13.73 0.1120 ± 0.0096 
 
a
 The moisture content of starch is taken as 13.6% (average) and 90% purity of [Emim][OAc] is considered for calculation. 
b
 Standard deviation. 
c
 Not available for determination due to solidification
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2.4  Discussion 
2.4.1 Gelatinization vs. dissolution (endothermic transition vs. 
exothermic transition) 
 
Our discussion starts with WMS because it is considered especially interesting due to its high 
amylopectin component.  As shown in the DSC (Figure 2.2) and RVA (Figure 2.4) data 
above, a decrease in water/[Emim][OAc] ratio from pure water to 25.0/1 mol/mol resulted in 
an increase in the gelatinization temperatures, but a further decrease to 7.2/1 mol/mol 
water/[Emim][OAc] molar ratio contributed to a decrease in the gelatinization temperature.  
Though DSC could not reveal the gelatinization process (only a large exothermic peak was 
observed) in the 2.8/1 or 0.1/1 mol/mol water–[Emim][OAc] mixture, microscopic images 
(Figure 2.3) and RVA results (Figure 2.4) showed that “gelatinization” was moved to a 
higher temperature (a temperature similar to that of the sample in the 96.0/1 water–
[Emim][OAc] mixture).  Similarly, Liu and Budtova (2012) also observed an unexpected 
effect of water/[Emim][OAc] on the phase transition of WMS.   
The unexpected trend described above lead us to consider that two processes control the 
phase transition of starch in the water–[Emim][OAc] mixtures, i.e., gelatinization and 
dissolution.  Gelatinization is known to be an endothermic process which requires energy to 
break the internal hydrogen bonds and to melt the native crystalline structures.  In 
gelatinization, granular swelling and disruption occur before molecular solubilization. It has 
been shown by nuclear magnetic resonance (NMR) spectroscopy and molecular dynamics 
that solvation involves the formation of hydrogen bonds between the anions of the 
imidazolium salt and the hydroxyl hydrogen atoms of the carbohydrate in approximately a 
stoichiometric ratio (Moulthrop, Swatloski, Moyna & Rogers, 2005; Novoselov, Sashina, 
Petrenko & Zaborsky, 2007; Remsing, Swatloski, Rogers & Moyna, 2006; Youngs, Holbrey, 
Deetlefs, Nieuwenhuyzen, Costa Gomes & Hardacre, 2006; Youngs, Hardacre & Holbrey, 
2007).  The dissolution of starch in [Emim][OAc] appears to be an exothermic process 
possibly due to the interaction between starch and [Emim][OAc].   
 
Koganti, Mitchell, Ibbett & Foster (2011) studied the thermal transitions of starch in a 
mixture of water and N-methyl morpholine N-oxide (NMMO) (starch concentration in the 
mixed liquid was fixed at 10%) and found that, while there was an endothermic transition 
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when the water/NMMO ratio was high, an exothermic transition appeared when NMMO 
became the major component in the mixture liquid.  P. Liu et al (2011) suggested that the –
OH bond interaction between dried starch and glycerol could generate a great amount of heat 
during “solvation of plasticizer” with increasing temperature.  Therefore in this study, the 
type of transition (endothermic or exothermic) could demonstrate whether complete 
gelatinization or direct dissolution played a major role.  In the case of WMS in pure water or 
the 96.0/1 mol/mol, or 25.0/1 mol/mol water–[Emim][OAc] mixture, dissolution was 
negligible or only played a minor role before and/or simultaneously with the gelatinization 
process in the phase transition.  This can be demonstrated by the microscope images in Figure 
2.3 which show little change in starch until the To of gelatinization.  For RMS, G50, and G80, 
the dissolution could play some role before and/or along with the gelatinization process when 
the water/[Emim][OAc] molar ratio was 25.0/1 mol/mol, as shown by a decrease in the ΔH, 
and the microscopy results (especially of RMS).   
 
At a water/[Emim][OAc] molar ratio of 7.2/1 mol/mol, the dissolution process played the 
dominant role as evidenced by the exothermic peak and the reduced (for WMS and RMS) or 
absent (for G50 and G80) gelatinization peak.  For WMS and RMS, the dissolution process in 
7.2/1 mol/mol water–[Emim][OAc] mixture could “disrupt” the native granular structure, 
facilitating partial crystalline melting (see Figure 2.2) and granular swelling at lower 
temperature.  Granular swelling would involve the trapping of water and/or [Emim][OAc] 
molecules into amylopectin aggregates, resulting in a viscosity increase as shown in Figure 
2.4.  Further gradual dissolution disrupts the remaining granular and crystalline structures.  
Also dissolution enabled G50 and G80 to undergo granular swelling at higher temperature, as 
evidenced by an increase in viscosity measured by RVA (Figure 2.4).  Despite the granular 
swelling, it is considered that the crystalline structure of G50 and G80 was completely 
destroyed by dissolution rather than traditional melting since no endothermic transition was 
observed in the DSC (see Figures 2.2 and 2.3).   
For all the starches, the 7.2/1 mol/mol water–[Emim][OAc] mixture lead to a higher degree 
of structural disruption and dissolution at the end of the RVA test than any other mixture with 
higher water/[Emim][OAc] ratios (Figure 2.4).  This conclusion was not confirmed by the 
final viscosity, however other factors such as the amylose/amylopectin ratio in starch, the 
degree of gelatinization/dissolution, the molecular weight of the starch molecules dissolved, 
and the related sensitivity to shear treatment and solubility (accounting for the viscosity 
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breakdown) and retrogradation (accounting for the viscosity setback) could be in play here.  
Another thing that is worth noting here is that the exothermic peak moved to higher 
temperature with an increase in amylose content (Figure 2.2).  This might demonstrate that 
the higher the amylose content, the more difficult is it for the dissolution to take place 
because of the more compact structure (Chen et al., 2009).  
 
For all the starches in the 0.1/1 mol/mol water–[Emim][OAc] mixture compared to those in  
7.2/1 mol/mol water–[Emim][OAc] mixtures, the phase transition occurred at higher 
temperature (as seen in microscopic images in Figure 2.3 and RVA results in Figure 2.4).  
While it is difficult to know if an endothermic transition representing the crystalline melting 
occurred because of the large exothermic peak covering a wide temperature range, it could be 
proposed that the lack of water resulted in the delay of the phase transition.  Specifically, the 
absence of water in the solution allowed more free hydroxyl groups in starch to interact with 
[Emim][OAc] (demonstrated by the large exothermic peak) whilst in other mixtures water 
interacted with some hydroxyl groups in starch, leaving less for the interaction with 
[Emim][OAc].   
Accompanied by the gradual starch–[Emim][OAc] interaction, a moderate increase in 
viscosity with very small viscosity breakdown in RVA (Figure 2.4) demonstrated that the 
granular swelling and the structural disruption and dissolution happened simultaneously and 
continuously during temperature increasing to and holding at 95 °C.  Furthermore, a higher 
degree of dissolution of starch molecules could be favorable for retrogradation during 
cooling, resulting in a large viscosity setback in the 0.1/1 mol/mol water–[Emim][OAc] 
mixture (Figure 2.4).   
 
2.4.2  Role of the ionic liquid (gelatinization agent versus solvent) 
 
The concentration of [Emim][OAc] in the solution and the related solution viscosity could 
play important roles in the dissolution of starch.  The basicity of IL anions is primarily 
responsible for the dissolution of biopolymers (Remsing et al., 2006). When starch granules 
are dispersed in [Emim][OAc], the IL is able to sequentially destroy the semi-crystalline 
structure of native starch granules and disrupt the intermolecular and intramolecular 
hydrogen bonding network between hydroxyl groups of starch biopolymer.   
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Water acts as an anti-solvent and the strong interactions between water and the IL ions are 
also exothermic.  Water can effectively tie up acetate ions forming acetic acid and strong 
hydrogen bonds which prevent acetate–starch hydrogen bonding.  When large amounts of 
water are present (water/[Emim][OAc] ≥ 25.0/1 mol/mol), there is not enough [OAc]− to 
interact with the polymer and gelatinization will be the dominant process over dissolution.  
When larger amounts of [Emim][OAc] are present (water/[Emim][OAc] ≤ 10.8/1 mol/mol), 
more “free” acetate anions are available to disrupt the starch hydrogen bonding network and 
solubilize the starch.  When the water/[Emim][OAc] ratios are 10.8/1 mol/mol or 7.2/1 
mol/mol, there can be both some free [OAc]
−
 anions to interact with starch for a dissolution 
function, and some free water to interact with starch, for a gelatinization function. Here 
gelatinization and dissolution occurs simultaneously, as water and [Emim][OAc] are both 
interacting with starch hydroxyls (possibly in a competitive way). When [Emim][OAc] at 
high concentration (water/[Emim][OAc] ≤ 2.8/1 mol/mol) is used, the interaction between 
[OAc]
−
 anions and starch hydroxyl groups might be restricted by insufficient penetration 
through crystalline regions at lower temperatures.   
 
2.5  Conclusions 
 
This study suggested that gelatinization and/or dissolution accounted for the phase transition 
of various starch systems and the water/[Emim][OAc] ratio determines whether gelatinization 
or dissolution plays the dominant role.  In contrast to gelatinization which is known to be an 
endothermic process, dissolution involves the interaction between starch hydroxyl groups and 
[OAc]
–
 anions, which is an exothermic process.  At high water/[Emim][OAc] ratios (> 25.0/1 
mol/mol), the strong interactions between [Emim][OAc] and water decreased the available 
free [Emim][OAc] making dissolution more difficult, and thus gelatinization was mainly 
responsible for the phase transition of the starch.  The < 7.2/1 mol/mol water–[Emim][OAc] 
mixture represented a solvent for which the phase transition of starch was predominantly 
influenced by dissolution.  Dissolution by [Emim][OAc] can have the same impact as, and/or 
assist, gelatinization by water in disruption of starch native granular and crystalline 
structures.  In this case, water and [Emim][OAc] competitively interacted with starch but 
played a synergistic role in the phase transition.  The dissolution process, however, became 
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less easy when water was absent in the system, which may be due to decreased diffusion to or 
through the starch.  While starch with higher amylose content was generally more difficult to 
be dissolved/gelatinized, the effect of water/[Emim][OAc] ratio on the 
gelatinization/dissolution of different starches showed similar patterns.  
 
While pure IL is widely used to dissolve polysaccharides, this study demonstrates that there 
is a water–[Emim][OAc] mixture of specific ratio (<7.2/1 mol/mol) that is effective in 
disruption of starch native granular and crystalline structures at reduced temperature.  In 
addition, different types of starch products (e.g. soluble starch, pre-gelatinized starch, starch 
solutions of different viscosities, etc.) could be generated by using starches with different 
amylose contents and water–[Emim][OAc] mixtures of different ratios.  Further 
understanding of the mechanism of gelatinization/dissolution of starch in water–
[Emim][OAc] mixtures would allow the design of solvents for a wide range of starch 
applications such as production of plasticized starch and chemical modification of starch.  
Work toward this end will be discussed in the next chapters. 
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CHAPTER 3 
The influence of water-[Emim][OAc] mole ratio on room 
temperature gelatinization or dissolution of   maize 
starches  
3.1  Introduction  
 
There is a growing interest in the non-food usage of starch based products. Starch has a high 
reputation as a commodity in high-value-added materials such as adhesives, packaging 
materials and as a sizing agent in paper and textile production. Recently, starch has been 
recognized as a potential raw material for development of biodegradable plastics. 
Gelatinization is a crucial process in the development of emerging biodegradable starch-
based materials. Gelatinization is commonly described as the disruption (destruction) of 
starch granules along with irreversible changes in properties such as granular swelling, 
crystallite melting, loss of birefringence, viscosity development and starch solubilization in 
the presence of heat and water (Atwell et al., 1988). The structural changes acquired by starch 
granules during gelatinization is believed to follow the model of Remsen & Clark (1978), 
shown in Figure 3.1. Starch granules are insoluble in cold water but in heated water, they 
swell. In the initial stages of heating, swelling is reversible with granules maintaining their 
original crystalline structure, until a certain temperature (gelatinization temperature) where 
swelling occurs irreversibly with significant alterations in starch granular structure. At the 
gelatinization temperature, the granules lose their birefringence; amylose is dissolved and 
leached out from the ruptured granules.  
DSC has been an extensively applied technology in the monitoring and quantification of 
endothermic behaviour of starch gelatinization (Campanha & Franco, 2011; Patel & 
Seetharaman, 2010; Thirathumthavorn & Trisuth, 2008). When starch is heated in water, one 
or two distinct endotherms believed to be influenced by the quantity of water are observed on 
a DSC thermogram. Donovan (1979) performed the first DSC study that analyzed the effect 
of water content on potato starch gelatinization. Donovan’s study and subsequent studies 
presented similar thermograms of starch-water systems at similar water content in that at 
medium water level (50% w/w), two overlapping endotherms denoted as G and M1 are 
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observed and at higher temperatures a third endotherm develops which overlaps with a 
following adjacent exotherm. When water content is increased to more than 50% w/w, the 
two endotherms progressively converge into one enotherm, G. When water is further reduced 
(< 50% w/w), the first endotherm, G gradually disappears while the second endotherm, M1 
remains but progresses to a higher temperature region (Ratnayake & Jackson, 2009; 
Goldstein, Nantanga & Seetharaman, 2010). 
 
 
Figure 3.1 Mechanism of starch gelatinization (Remsen & Clark, 1978): (a) raw starch 
granules; (b) granular swelling; (c) more granular swelling and leaching of amylose; (d) 
granules collapse and sit in a matrix of amylose forming a gel. 
 
Several theories such as: swelling-driven melting theory (melting of crystallites driven by 
swelling of amorphous regions and then melting of remaining crystallites); crystallite stability 
theory (melting of less stable and then more stable crystallites); sequential phase transition 
theory (first amorphous and then crystalline regions); and a three-stage phase transition 
theory (partial melting, recrystallisation, and total melting) have been used to explain the 
development of G and M1 endothermic transitions (Wang & Copeland, 2011).  However, an 
in-depth consideration of the models concluded that no specific model correctly and fully 
explains the mechanism of gelatinization (Ratnayake & Jackson, 2009). 
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In view of water’s shortcomings as an efficient plasticizer for development of high 
performance starch based materials (Averous & Boquillon, 2004; Halley, 2005), the influence 
of other electrolytes (Zhu et al., 2009; Villwock & BeMiller, 2005) or plasticizers (Thuwall, 
Boldizar & Rigdahl, 2006; Follain et al., 2006; Yu, Wang & Ma, 2005) other than water on 
starch gelatinization is fundamentally a major component of recent studies using the DSC. 
The use of polyols (glycerol, glycol, sorbitol, etc) and nitrogen containing compounds (urea, 
ammonium and amines) as plasticizers are reported in the literature (Liu, Xie, Yu, Chen & Li, 
2009; Xie, Halley & Averous, 2012). However, due to their instability and volatility under 
high temperature processing conditions, partial gelatinization is expected to occur which 
ultimately would affect the properties of the developed material.  A new class of plasticizers 
lately recognized for some unique properties they display is ionic liquids. Attributes such as 
negligible vapour pressure, non-flammable, thermally stable, chemically stable and 
recyclable; categorize ionic liquids as ‘green solvents’. Ionic liquids, particularly those with 
the imidazole ring are good solvents and excellent media for dispersion, plasticization and 
modification of starch (Wilpiszewska & Spychaj, 2011; Liu & Budtova, 2013, Mateyawa et 
al., 2013; Jordon, Scmidt, Liebert & Heinze, 2014). 
Many reports presented in the literature advocate on the plasticizing power of imidazolium-
chloride based ionic liquids (Wang, Zhang, Liu & He., 2009; Wang, Zhang & Wang, 2009; 
Sankri et al., 2010). However, from other subsequent studies, the presence of the chloride ion 
is deleterious due to formation of HCl (from protonation of chloride ion), a leading cause of 
starch degradation and toxicity in starch materials (Kӓrkӓinen, Lappalainen, Joensuu & 
Lajunen, 2011; Stevenson, Biswas, Jane & Inglett, 2007). In light of these issues, ionic 
liquids with non-halogen containing anions such as 1-ethyl-3-methylimidazolium acetate 
([Emim][OAc]) is proposed to be a suitable candidate for development of high performance 
starch based materials. From past studies, pure ionic liquid has been widely used to dissolve 
(Lehmann & Volkert, 2009; Liu, Janssen, van Rantwijk & Sheldon, 2005; Stevenson, Biswas, 
Jane & Inglett, 2007; Liu & Budtova, 2013; Jordon, Scmidt, Liebert & Heinze, 2014) and 
plasticize (Sankri et al., 2010; Wang, Zhang & Wang, 2009; Wang, Zhang, Liu & Han, 2010) 
starch and the solubility of starch is affected by the structure of the ionic liquid as well as the 
heating temperature (Biswas et al., 2006; Xu, Kennedy & Liu, 2008; Xu, Wang & Liu, 2008; 
Fukaya, Sugimoto & Ohno, 2006).  In Chapter 2, the influence of different concentrations of 
[Emim][OAc] on the thermal properties, pasting properties, rheology and samples 
microscope images of the four mutants of maize starches was reported.  
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An unexpected finding from Chapter 2 was the ability of starch to either dissolve or 
gelatinize at a very low temperature using water/[Emim][OAc] mole ratio of 7.2/1 mol/mol. 
The dissolution temperatures of the maize starches in ascending order of amylose contents 
were: 33 °C, 40 °C, 41 °C and 47 °C. The onset gelatinization temperatures of WMS and 
RMS were 35.54 °C and 42.47 °C respectively and no gelatinization peaks were detected for 
G50 and G80. Since the dissolution or gelatinization temperatures were quite low, it would be 
interesting to determine whether the behaviour of the water-[Emim][OAc] on maize starches 
was influenced by heat supplied to the system; concentration of the water-[Emim][OAc] 
solution or amylose/amylopectin content of maize starch. Thus Chapter 3 undertakes this 
study at room temperature with the solvating/gelatinizing/plasticizing ability of 
[Emim][OAc] evaluated via photography and visual inspection/comparison, microscopy, 
DSC, XRD, NMR spectroscopy and FTIR using various water-[Emim][OAc] mole ratios.  
 
3.2  Experimental Procedure 
 
3.2.1  Materials  
 
Four varieties of commercially available maize starches were used in this work, including 
waxy maize starch (Mazaca 3401X) (WMS), regular maize starch (Avon Maize Starch) 
(RMS), Gelose 50 (G50), and Gelose 80 (G80).  RMS was supplied by New Zealand Starch 
Ltd. (Onehunga, Auckland, New Zealand) and the other three starches were supplied by 
National Starch Pty Ltd. (Lane Cove NSW 2066, Australia).  All starches were chemically 
unmodified and the amylose contents for these four types of starches were 3.4%, 24.4%, 
56.3% and 82.9%, respectively, as measured by Tan et al (2007) using the iodine colorimetric 
method.  The original moisture contents of the four starches were 12.4% w/w, 14.1% w/w, 
13.6% w/w and 14.4% w/w, respectively.  Deionized water was used in all instances.  
[Emim][OAc] of purity ≥ 90%, produced by BASF, was supplied by Sigma-Aldrich.  
[Emim][OAc] was used as received without further purification but the purity was considered 
for molar ratio calculation.  As [Emim][OAc] was in liquid form at room temperature, 
different ratios of water–[Emim][OAc] mixture could be easily prepared in vials for 
subsequent studies.  Water and [Emim][OAc] were completely miscible according to the 
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[Emim][OAc] specifications provided by BASF.  The mass ratios of water/[Emim][OAc] 
used were 10/0, 9/1, 7/3, 5/5, 4/6, 2/8, and 0/10; and the related mole ratios were 1/0 (pure 
water), 96.0/1, 25.0/1, 10.8/1, 7.2/1, 2.8/1, 0.1/1. Mole ratios will be used in the Results and 
Discussion sections below. 
 
3.2.2  Photography and visual inspection/comparison 
 
Seven 50 ml, screw-capped, clear vials were prepared. Dry starch (0.5 g) was weighed and 
transferred into each vial. Over the starch, the water-[Emim][OAc] mixture (2.5 g) was 
added. The mixture was stirred well by hand with a glass rod having a flattened knob or right-
angled end to facilitate mixing from bottom to top to evenly disperse the solids. Each vial 
was capped and allowed to stand undisturbed for two hours at a thermostatically controlled 
room temperature of 25 ⁰C. A Nikkon Coolpix S9100 camera was used to take pictures of the 
vials with the mixtures every half hour. 
 
3.2.3  Microscopy 
 
An Olympus BX 61 microscope was used in this part of the experiment. The magnification 
used was  400 (40 10). Both normal and polarized light were used to obtain microscopic 
images of the prepared starch samples. A 0.5 % starch suspension was prepared in a glass 
vial. A small drop of starch suspension was transferred by a micro-syringe onto a glass slide 
which was then covered by another glass slide. Silicon adhesive was used to seal the starch 
suspension between the two glass slides to avoid evaporation during observation. Microscope 
images were taken every ten minutes for two hours. 
 
3.2.4  DSC 
 
A TA Q2000 DSC (TA Instruments, Inc., New Castle, DE 19720, USA) was used to 
investigate the thermal transition of native starches in water–[Emim][OAc] mixtures.  1.5–
3 mg of starch was weighed into the 40 μL Tzero aluminium pan (TA Instruments), to which 
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was then added, by a micro-syringe, the water–[Emim][OAc] mixture, in the amount 10 times 
that of the starch.  Then, a pin was used to gently mix starch with the plasticizer.  After 
sealing, the pan was gently shaken for a few seconds.  The mixing and shaking were to 
ensure the starch granules were completely immersed and equally dispersed in the liquid but 
did not sediment at the bottom of the pan.  The prepared pans were stored away, undisturbed 
for a certain time at either 0.5 h, 1 h, 1.5 h or  2 h, and then transferred into the DSC machine 
for immediate analysis.  An empty pan was used as a reference.  The pans were heated from 
20 °C to 120 °C at a scanning rate of 5 °C/min.  The instrument was calibrated using indium 
as a standard.  At least two runs were carried out for each sample to ensure the consistency of 
the results.  The Universal Analysis 2000 (TA Instruments–Waters LLC) software was used 
to analyze the main gelatinization endotherm of the DSC traces for the onset (To), peak (Tp), 
and conclusion (Tc) temperatures, the thermal transition temperature range (ΔT, i.e. Tc−To), 
and the enthalpy (ΔH).  
 
3.2.5  
13
C NMR Spectroscopy and 
13
C HP/DEC 
 
Both the solid state 
13
C CPMAS NMR and 
13
C HP/DEC experiments were performed on a 
Bruker Avance III spectrometer with superconducting magnet operating at a resonance 
frequency of 300.13 MHz for 
1
H and 75.46 MHz for 
13
C atoms. Approximately 50 mg of 
starch sample were packed in a 4 mm diameter zirconia rotor with a KelF end cap. The rotor 
was spun at 5 kHz at the magic angle (54.7°). The contact time of 1 ms was used for all 
samples with a recycle delay of 3 s. The spectral width was 38 kHz, acquisition time of 42 
ms, time domain points   2 k, transform size 4 k and line broadening 50 Hz. At least 2400 
scans were accumulated for each spectrum. Spectra were referenced to external adamantane.  
The method of Tan et al (2007) was used for 
13
C NMR studies of maize starches in water-
[Emim][OAc] mixtures. The 
13
C NMR spectra analysis was performed to determine the 
relative proportions of the amorphous, single and double helical conformation in the granules. 
The analysis of the NMR spectra involved the decomposition of the spectrum of native into 
its respective amorphous and ordered sub-spectra. The contribution from the amorphous 
component was determined by adjusting the intensity of a separately determined amorphous 
sub-spectrum with a scaling factor so that zero intensity was obtained at a particular chemical 
shift within the C-4 site. This step was performed using the Solver data analysis tool in 
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Microsoft Excel software. The ordered sub-spectrum was obtained by subtracting the sub 
spectrum due to the amorphous component from the native starch spectrum. The program 
PeakFit
TM
 version 4.11 (Systat Software Inc.) was used to peak fit all spectra including the 
sub-spectra due to the amorphous and ordered components as generated from the subtraction  
method described above. Repeat NMR experiments on a single sample gave identical ( 2%) 
component analysis results. 
 
3.2.6  X-ray Diffraction (XRD) 
 
The prepared starch samples were placed in the sample holder of an X-ray diffractometer (D8 
Advance X-ray Diffractometer, Bruker, Madison, USA) equipped with a graphite 
monochromator, a copper target, and a scintillation counter (detector). XRD patterns were 
recorded for an angular range (2 ) of 3-40°, with a step size of 0.02° and a step rate of 0.5 s 
per step, and thus the scan time lasted approximately 15 min. The radiation parameters were 
set as 40 kV and 30 mA, and a slit of 2 mm. Traces were processed using the DIFFRAC
Plus
 
Evaluation Package (Version 11.0, Bruker, Madison, USA) to determine the X-ray 
diffractograms of the samples. 
 
3.2.7  FTIR 
 
Infrared spectra were collected on wet or gelled mixtures of starch-water-[Emim][OAc] by 
attenuated total reflectance (ATR) FTIR using a Nicolet 5700 FTIR spectrometer (Thermo 
Electron Corp, Madison, WI) equipped with a Nicolet Smart Orbit ATR accessory 
incorporating a diamond internal reflection element. Spectra were collected at a resolution of 
4 cm
-1 
in the range 4000-400 cm
-1
 for a total of 32 scans for all the samples and are not 
corrected for penetration depth variation. IR spectra were normalized to the intense peak at 
1490 cm
-1
, which was assigned to the C-H deformation vibration of the CH2 groups.  
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3.3  Results  
 
3.3.1 Photography and microscopy of maize starches with abundant 
water/[Emim][OAc] ratios at room temperature 
 
Figures 3.2 and 3.3 show the photographs of the four varieties of maize starches mixed with 
various mole ratios of water-[Emim][OAc] mixtures under a room temperature of 26 °C. 
Observations gathered from the camera photographs of Figures 3.2 and 3.3 are shown in 
Table 3.1. It can be seen from Table 3.1 that the observed changes for each starch differed 
and did not follow a regular pattern for each water-[Emim][OAc] mole ratio. 
Water/[Emim][OAc] mole ratios of 1/0 (pure water), 96.0/1, 25.0/1 and 10.8/1 mol/mol 
formed two distinct phases or layers (the liquid phase separated from the solid phase) due to 
settling and sedimentation of starch with all the four maize starch varieties (see Figures 3.2 
and 3.3). An unusual effect was demonstrated by the water/[Emim][OAc] mole ratios of 
7.2/1, 2.8/1 and 0.1/1 mol/mol. Water/[Emim][OAc] mole ratios of 2.8/1 and 0.1/1 mol/mol 
formed a thick white homogeneous suspension with all the four starches (WMS, RMS, G50 
and G80) whereas with the 7.2/1 mol/mol,  WMS and RMS formed a gel while G50 and G80 
did not. It was also observed that gel formation by WMS and RMS occurred in the first 30 
min of the reaction. To confirm whether gelatinization transpired in the formed gel or thick 
homogeneous suspensions, microscopic images of the four maize starches in the same 
water/[Emim][OAc] mole ratios were taken every 10 min for 2 h under room temperature, 
however Figures 3.4 to 3.12 represent micrographs obtained every 30 min.  
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Figure 3.2 Photographs of WMS (A to E) and RMS (F to J) in various water-
[Emim][OAc] mixtures. The water/[Emim][OAc] mole ratios were: 1/0 (pure water), 96.0/1, 
25.0/1, 10.8/1, 7.2/1, 2.8/1, 0.1/1 from vial 1 to vial 7. 
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Figure 3.3 Photographs of G50 (A to E) and G80 (F to J) in various water-[Emim][OAc] 
mixtures. The water/[Emim][OAc] mole ratios were: 1/0 (pure water), 96.0/1, 25.0/1, 10.8/1, 
7.2/1, 2.8/1, 0.1/1 from vial 1 to vial 7. 
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Table 3.1 Results and observations from photography after 2 h  
Starch 
sample 
Vial 
# 
Water/[Emim][OAc] 
mole ratio (mol/mol) 
Visual changes in the vials Any 
gelatinization 
WMS 1 pure water Liquid layer separated from solid  No 
 2 96.0/1 Liquid layer separated from solid  No 
 3 25.0/1 Liquid layer separated from solid  No 
 4 10.8/1 Liquid layer separated from solid  No 
 5 7.2/1 An almost clear gel formed Yes 
 6 2.8/1 Homogeneous white suspension No 
 7 0.1/1 Homogeneous white suspension No 
RMS 1 pure water Liquid layer separated from solid  No 
 2 96.0/1 Liquid layer separated from solid  No 
 3 25.0/1 Liquid layer separated from solid  No 
 4 10.8/1 Liquid layer separated from solid  No 
 5 7.2/1 An almost clear gel formed Yes 
 6 2.8/1 Homogeneous white suspension No 
 7 0.1/1 Homogeneous white suspension No 
G50 1 pure water Liquid layer separated from solid  No 
 2 96.0/1 Liquid layer separated from solid  No 
 3 25.0/1 Liquid layer separated from solid  No 
 4 10.8/1 Liquid layer separated from solid  No 
 5 7.2/1 Homogeneous white suspension No 
 6 2.8/1 Homogeneous white suspension No 
 7 0.1/1 Homogeneous white suspension No 
G80 1 pure water Liquid layer separated from solid  No 
 2 96.0/1 Liquid layer separated from solid  No 
 3 25.0/1 Liquid layer separated from solid  No 
 4 10.8/1 Liquid layer separated from solid  No 
 5 7.2/1 Homogeneous white suspension No 
 6 2.8/1 Homogeneous white suspension No 
 7 0.1/1 Homogeneous white suspension No 
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Microscope images of Figures 3.4 to 3.11 substantiate observations from photography which 
is tabulated in Table 3.1. Figures 3.4, 3.6, 3.8 and 3.10 show the microscope images of WMS, 
RMS, G50 and G80 in water/[Emim][OAc] mole ratios of 96.0/1, 25.0/1 and 10.8/1 while 
Figures 3.5, 3.7, 3.9 and 3.11 exhibit images of the same starches in 7.2/1, 2.8/1 and 0.1/1 
mol/mol of water/[Emim][OAc].  Microscope images of the four starches in pure water are 
shown in Figure 3.12. It can be seen that both the light and polarized microscope images of 
all the four maize starches in Figures 3.4, 3.6, 3.8, 3.10 and 3.12 show no evidence of loss of  
granular structure or loss of crystallinity for the whole duration of the study. Normal light 
images show the existence of granular structures in the entire 2 h which is confirmed by the 
presence of Maltese crosses or birefringence in the polarized light images. Hence no 
gelatinization occurred using water/[Emim][OAc] mole ratios of 1/0 (pure water), 96.0/1, 
25.0/1 and 10.8/1 at room temperature as confirmed in Table 3.1.  
However, a further decrease to 7.2/1 water/[Emim][OAc] displayed un unusual effect in that 
both the granular structure and crystallinity of WMS and RMS were disrupted (Figures 3.5 
and 3.7). This was confirmed by the disappearance of granular structures and the formation of 
‘ghosts’ granules (partially dissolved starch granules that persist as highly swollen fragile 
forms) in its place as seen in the normal light images. Polarized light images appeared black 
due to loss of birefringence, a characteristic feature of gelatinization. One other effect noted 
was the different times taken to fully disrupt the crystallinity of WMS and RMS. Complete 
gelatinization of WMS occurred in the first 20 min after reaction commenced while RMS 
took 40 min. Though the photographs of Figure 3.3A-E failed to reveal much information on 
whether a gel was formed in G50 and G80, normal light and polarized light micro images of 
Figure 3.9 confirmed that gelatinization had commenced in G50 but at a very slow pace. The 
normal light images of G50 showed some signs of granular structures destructurization at the 
end of 1 hour. This was also supported by their corresponding polarized light microscopic 
images in that polarizability of granules slowly disappeared as time progressed. G80, on the 
other hand, displayed no symptoms of gelatinization at all as confirmed by its corresponding 
normal light and polarized light images (Figure 3.11).  
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Figure 3.4 Microscope images of WMS in water/[Emim][OAc] mole ratios of 96.0/1, 25.0/1 and 10.8/1 mol/mol after 0 to 2 h. 
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Figure 3.5 Microscope images of WMS in water/[Emim][OAc] mole ratios of 7.2/1, 2.8/1 and 0.1/1 mol/mol after 0 to 2 h. 
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t 96.0/1 25.0/1 10.8/1 
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Figure 3.6 Microscope images of RMS in water/[Emim][OAc] mole ratios of 96.0/1, 25.0/1 and 10.8/1 mol/mol after 0 to 2 h. 
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Figure 3.7 Microscope images of RMS in water/[Emim][OAc] mole ratios of 7.2/1, 2.8/1 and 0.1/1 mol/mol after 0 to 2 h. 
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Figure 3.8 Microscope images of G50 in water/[Emim][OAc] mole ratios of 96.0/1, 25.0/1 and 10.8/1 mol/mol after 0 to 2 h. 
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t 7.2/1 2.8/1 0.1/1 
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Figure 3.9 Microscope images of G50 in water/[Emim][OAc] mole ratios of 7.2/1, 2.8/1 and 0.1/1 mol/mol after 0 to 2 h. 
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t 96.0/1 25.0/1 10.8/1 
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Figure 3.10 Microscope images of G80 in water/[Emim][OAc] mole ratios of 96.0/1, 25.0/1 and 0.1/1 mol/mol after 0 to 2 h. 
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t 7.2/1 2.8/1 0.1/1 
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Figure 3.11 Microscope images of G80 in water/[Emim][OAc] mole ratios of 7.2/1, 2.8/1 and 0.1/1 mol/mol after 0 to 2 h. 
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Figure 3.12 Microscope images of WMS, RMS, G50 and G80 in pure water, NL – normal light and PL – polarized light after 2 h.
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When the mole ratio was decreased even further down to 2.8/1 and 0.1/1 mol/mol 
water/[Emim][OAc], photography could only detect the formation of a thick white 
homogeneous suspension and not a gel. From visual evidence by optical camera photographs 
it can be deduced that gelatinization did not occur in these water/[Emim][OAc] mole ratios. 
The DSC results of Chapter 2 confirmed the formation of an exothermic peak due to 
dissolution for all the four maize starches when heated with the above water/[Emim][OAc] 
solutions. However from normal light and polarized light micrographs (Figures 3.5, 3.7, 3.9 
and 3.11), for the whole duration of the study under room temperature, the 2.8/1 and 0.1/1 
mol/mol water/[Emim][OAc] were not effective enough to dissolve the starches as confirmed 
by the existence of granular structures and birefringence.  
Gelatinization of starch is normally accomplished by thermal treatment. Dispersed starch 
granules are heated above a characteristic temperature causing granules to swell to form a 
paste or gel. In cold water, starch granules undergo limited reversible swelling, but some 
studies have reported that some salts can gelatinize starch at room temperature (Jane, 1993; 
Lindqvist, 1979). Photography and microscopy results of mole ratios of water/[Emim][OAc] 
on maize starches at room temperature suggest the following:  
 (i) Gelatinization can occur without heat using the right water/[Emim][OAc] mole 
ratio and according to this study, water/[Emim][OAc] mole ratio of 7.2/1 mol/mol is 
the optimum mole ratio for gelatinization. Both water and [Emim][OAc] are co-agents 
for maize starch gelatinization.   
 (ii) No maize starch dissolution occurs at room temperature with concentrated 
[Emim][OAc]. Heat with concentrated [Emim][OAc] are requirements for maize 
starch dissolution which was also confirmed by Liu & Budtova (2013). Studies using 
other ionic liquids also confirmed that dissolution is impossible without heat (Biswas, 
Shogren, Stevenson, Willet & Bhowmik, 2006; Xu, Wang & Liu, 2008; Fukaya, 
Sigamoto & Ohno, 2006).  
 (iii) Starch type (amylose content) affects the gelatinization of maize starches. 
Generally, high amylose maize starches are difficult to gelatinize due to a more 
compact microstructure than that of low amylose maize starches, making the former 
more solvent resistant and thermally stable (Chen, Yu, Kealy, Chen & Li, 2006; Liu et 
al., 2006).  
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 (iv) Micrographs of maize starches in 10.8/1, 7.2/1, 2.8/1 and 0.1/1 mol/mol 
water/[Emim][OAc] shows  that the water-[Emim][OAc] penetrates the starch 
granules from the periphery and continues inwards.  
 
3.3.2  DSC  
 
3.3.2.1  Endothermic properties of maize starches in abundant water-
[Emim][OAc] systems after 0 – 2 h storage times 
 
Figures 3.13 to 3.15 show the DSC results of the four maize starches WMS, RMS, G50 and 
G80 with different amylose contents in various mole ratios of water/[Emim][OAc] after 
storage times of 0 h, 0.5 h, 1.0 h, 1.5 h and 2.0 h. The endothermic characteristics of WMS 
and RMS at these storage times are summarized in Tables 3.2 and 3.3. The exothermic 
characteristics of the four maize starches in 2.8/1 mol/mol water/[Emim][OAc] are shown in 
Figure 3.16 whereas Figure 3.17 shows the exothermic characteristics at 0.1/1 mol/mol 
water/[Emim][OAc]. Figure 3.18 compares the four maize starches in 7.2/1 mol/mol 
water/[Emim][OAc] with respect to time. The water/[Emim][OAc] mole ratios of 96.0/1, 
25.0/1, 10.8/1, 7.2/1, 2.8/1 and 0.1/1 mol/mol were used in this study, with WMS and RMS 
using all the six ratios while G50 and G80 used three (96.0/1, 7.2/1, 0.1/1 mol/mol).  
WMS is interesting since it contains mainly amylopectin molecules. Figure 3.13 shows the 
DSC results of WMS in abundant water-[Emim][OAc] mixtures at mole ratios of 96.0/1 
mol/mol (Figure 3.13A); 25.0/1 mol/mol (Figure 3.13B), 10.8/1 mol/mol (Figure 3.13C), 
7.2/1 mol/mol (Figure 3.13D), 2.8/1 mol/mol (Figure 3.13E) and 0.1/1 mol/mol (Figure 
3.13F) at different storage or mixing times. A single endothermic peak attributed to the 
gelatinization of amylopectin (Liu et al., 2006; Perry & Donald, 2000, 2002; Tan et al., 2004) 
was observed in the DSC profile of each storage time (see Figure 3.13 A, B and C) for WMS 
with 96.0/1, 25.0/1 and 10.8/1. The endothermic peaks moved to higher temperatures when 
the water/[Emim][OAc] was reduced from 96.0/1 to 25.0/1 mol/mol but moved back to lower 
temperatures when the water/[Emim][OAc] was further reduced to 10.8/1 mol/mol. A further 
decrease to 7.2/1 mol/mol water/[Emim][OAc] moved the gelatinization temperature to even 
lower temperatures accompanied by an exothermic peak believed to be overlapping with  the 
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Figure 3.13 DSC results of WMS in water/[Emim][OAc] mole ratios in mol/mol of : 96.0/1 – A; 25.0/1 – B; 10.8/1 – C; 7.2/1 – D; 2.8/1 – E 
and 0.1/1 – F at different storage times. 
F E 
D 
C B 
A  
A   
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endothermic peak, however the overlapped exothermic and endothermic peak was observed 
only in the 0 h profile but was absent in the other profiles. Further reducing the 
water/[Emim][OAc] to 2.8/1 mol/mol and 0.1/1 mol/mol produced  a large exothermic peak  
found to occur in all storage times which will be discussed later.  
Table 3.2 lists the detailed data describing the endothermic transitions in Figure 3.13 at 
various storage times. This table confirms that the associated enthalpy of gelatinization of 
WMS in 7.2/1 mol/mol water/[Emim][OAc]  is the smallest (6.95 J/g) endothermic peak 
when compared to the peaks of other water/[Emim][OAc] ratios. Table 3.2 also confirms that 
the onset (To), peak (Tp) and conclusion (Tc) temperatures moved up to higher values when 
water/[Emim][OAc] was reduced from 96.0/1 mol/mol to 25.0/1 mol/mo and further reducing 
mole ratios to 10.8/1 mol/mol and 7.2/1 mol/mol reduced the temperatures to lower values. 
T0, Tp, Tc and ΔH of each DSC profile generated from WMS in water/[Emim][OAc] mole 
ratios of 96.0/1, 25.0/1  and 10.8/1 mol/mol appeared to be almost constant  regardless of 
change in time. Similar to previous results obtained from photography and microscopy earlier 
discussed in the last section, the behavior of 7.2/1 mol/mol water/[Emim][OAc] with WMS is 
unique in that an endothermic peak was produced only with the 0 h storage time  DSC 
thermogram. No peak (endothermic or exothermic) was noted in the DSC profiles for other 
storage times. Besides, Table 3.2 also noted To, Tp, and Tc for the sole peak to be very low 
with a reduced ΔH (enthalpy of gelatinization). Reduced enthalpy shows that both 
gelatinization and dissolution occurred together, i.e., bond breaking of starch-starch –OH 
bonds offset by bond formation of starch-solvent –OH bonds (Tan, Wee, Sopade & Halley, 
2004). At water/[Emim][OAc] mole ratio of  2.8/1 mol/mol and 0.1/1 mol/mol,  a large 
exothermic peak was detected in the DSC thermograms of all storage times. The exothermic 
transitions of WMS in 2.8/1 mol/mol and 0.1/1 mol/mol water/[Emim][OAc] shown in 
Figures 3.16 and 3.17 which will be discussed later. 
Figure 3.14 shows the phase transition of RMS in abundant water-[Emim][OAc] mixtures at 
various storage times. A single endothermic peak, attributed to the gelatinization of 
amylopectin was also noted for RMS at different storage times in 96.0/1, 25.0/1, and 10.8/1 
water/[Emim][OAc]. The endothermic peaks moved to higher temperatures as the 
water/[Emim][OAc] was reduced from 96.0/1 mol/mol to 25.0/1  mol/mol. However, further 
reduction to 10.8/1 mol/mol water/[Emim][OAc] moved the endothermic peaks back to a 
lower temperature region. With the 7.2/1 mol/mol water/[Emim][OAc], similar to behavior in
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Table 3.2 Endothermic transitions of WMS in various mole ratios of water/[Emim][OAc] after various storage/mixing times 
Sample Water/[Emim][OAc] mole ratio (mol/mol) Storage/mixing time (h) To (°C) Tp (°C) Tc (°C) ΔH (J/g) 
WMS 96.0/1 0 74.27 80.46 90.21 20.16 
0.5 73.63 80.02 90.21 21.39 
1.0 73.65 80.52 90.21 19.33 
1.5 74.90 81.38 90.21 18.55 
2.0 73.71 80.37 90.21 21.74 
WMS 25.0/1 0 77.00 82.47 91.09 20.71 
0.5 77.01 82.36 91.09 19.31 
1.0 76.90 82.22 91.09 22.53 
1.5 76.68 82.20 91.09 20.63 
2.0 76.04 82.47 91.09 23.86 
WMS 10.8/1 0 57.09 63.15 77.13 18.64 
0.5 56.91 63.13 77.13 17.69 
1.0 56.67 63.05 77.13 17.11 
1.5 57.04 63.17 77.13 18.01 
2.0 56.85 63.14 77.13 18.51 
WMS 7.2/1 0 35.54 40.83 47.69 6.95 
0.5 No peak 
1.0 No peak 
1.5 No peak 
2.0 No peak 
WMS 2.8/1 0 Exothermic peak 
0.5 Exothermic peak 
1.0 Exothermic peak 
1.5 Exothermic peak 
2.0 Exothermic peak 
WMS 0.1/1 0 Exothermic peak 
0.5 Exothermic peak 
1.0 Exothermic peak 
1.5 Exothermic peak 
2.0 Exothermic peak 
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Figure 3.14 DSC results of RMS in water/[Emim][OAc] mole ratios in mol/mol of : 96.0/1 – A; 25.0/1 – B; 10.8/1 – C; 7.2/1 – D; 2.8/1 – E 
and 0.1/1 – F at different storage times. 
A B C 
D E F 
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WMS, the 0 h DSC thermogram generated an exothermic and endothermic peak at a lower 
temperature region. However, compared to WMS, peaks observed were noted at a higher 
temperature. The endothermic and exothermic peaks were detected only in the 0 h DSC 
thermogram. No peak was generated at other storage times.   As with WMS, further reducing 
the water/[Emim][OAc] to 2.8/1 mol/mol and 0.1/1 mol/mol produced  a large exothermic 
peak  in the DSC thermograms of all storage times.  
Table 3.3 lists the detailed data for the endothermic transitions of RMS. Table 3.3 also 
confirms that the onset (To), peak (Tp) and conclusion (Tc) temperatures moved up to higher 
values when water/[Emim][OAc] mole ratio was reduced from 96.0/1 mol/mol to 25.0/1 
mol/mol. Reducing mole ratios to 10.8/1 mol/mol and 7.2/1 mol/mol pushed the temperatures 
to lower values. T0, Tp, Tc and ΔH at different storage times in water/[Emim][OAc] mole 
ratios of 96.0/1, 25.0/1  and 10.8/1 mol/mol appeared to be almost constant regardless of 
change in storage time. Similar to previous results obtained from photography and 
microscopy, the 7.2/1 mol/mol water/[Emim][OAc] with RMS displayed the same changes 
experienced by WMS for storage time 0 h. No peak (endothermic or exothermic) was noted 
in the DSC profiles of other storage times. The values of To, Tp, Tc and ΔH for the sole peak 
was noted to be low in comparison with the results of other water/[Emim][OAc] ratios. 
Figure 3.14 and Table 3.2 also show that RMS has higher To, Tp, Tc and ΔH values than 
WMS. This is expected as increase in amylose content of starch leads to more compact 
microstructures that are thermally stable and resistant to solvents (Chen et al., 2007; Liu et 
al., 2006). Reduced enthalpy of gelatinization (ΔH) confirms that both endothermic and 
exothermic transition governed the phase transition of RMS in 7.2/1 mol/mol 
water/[Emim][OAc].  
Figure 3.15 shows the DSC profiles of G50 and G80 at various storage times. G50 and G80 
are high amylose starches with a more solid structure than that of low-amylose maize starches 
making them more solvent resistant, thermally stable and difficult to gelatinize (Liu et al., 
2006).  The effect of 96.0/1 mol/mol (Figure 3.15A and Figure 3.15D) water at different 
storage times on G50 and G80 were very similar. The gelatinization peak noted appeared 
broad as a shoulder and another peak M2 believed to be due to phase transition of amylose-
lipid complex (Biliaderis, Page, Slade & Sirett, 1985; Jovanovich & Añón, 1999; Raphaelides 
& Karkalas, 1988) was also established for all storage times. On the other hand, the 7.2/1 
mol/mol water/[Emim][OAc] with G50 and G80 generated an exothermic peak at 0 h storage 
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Table 3.3 Endothermic transitions of RMS in various mole ratios of water/[Emim][OAc] after various storage/mixing times  
Sample Water/[Emim][OAc] mole ratio (mol/mol) Storage/mixing time (h) To (°C) Tp (°C) Tc (°C) ΔH (J/g) 
RMS 96.0/1 0 73.66 78.12 86.66 15.04 
  0.5 72.44 77.58 86.66 12.31 
  1.0 73.78 78.30 86.66 14.77 
  1.5 72.69 78.14 86.66 13.51 
  2.0 72.05 77.28 86.66 19.99 
RMS 25.0/1 0 75.71 80.53 91.76 19.80 
  0.5 75.56 80.45 91.65 17.98 
  1.0 75.22 80.48 91.65 16.81 
  1.5 75.76 80.56 91.76 13.96 
  2.0 76.57 81.47 91.76 15.67 
RMS 10.8/1 0 52.69 57.72 69.27 16.03 
  0.5 51.99 57.28 69.27 16.85 
  1.0 52.17 57.15 69.27 16.36 
  1.5 52.38 57.09 69.27 16.60 
  2.0 53.29 58.88 69.27 16.25 
RMS 7.2/1 0 42.47 47.29 54.72 6.44 
  0.5 No peak 
  1.0 No peak 
  1.5 No peak 
  2.0 No peak 
RMS 2.8/1 0 Exothermic peak 
  0.5 Exothermic peak 
  1.0 Exothermic peak 
  1.5 Exothermic peak 
  2.0 Exothermic peak 
RMS 0.1/1 0 Exothermic peak 
  0.5 Exothermic peak 
  1.0 Exothermic peak 
  1.5 Exothermic peak 
  2.0 Exothermic peak 
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Figure 3.15 DSC results of G50 (A, B, C – top three) and G80 (D, E, F – bottom three) in water/[Emim][OAc] mole ratios of 96.0/1 mol/mol 
(left slides), 7.2/1 mol/mol (middle slides),  0.1/1 mol/mol (right slides). 
 
 
A C B 
D E F E 
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time believed to be responsible for starch dissolution instead of a gelatinization peak. The 
gelatinization endotherm for G50 and G80 is difficult to see in a low temperature which is 
agreed by Liu et al (2006). This is not surprising as high amylose starches have a compact 
and a very intact structure that requires a longer time and higher temperatures to swell (Chen 
et al., 2007). No peaks were detected in other storage times. The 0.1/1 mol/mol 
water/[Emim][OAc] with G50 and G80 promoted dissolution (exothermic peak) at all storage 
times that will be discussed later during thermal treatment with DSC. 
The results of this study expose some interesting facts that also support results from 
photography and microscopy: (i) Water/[Emim][OAc] mole ratio of 7.2/1 mol/mol is the 
most effective concentration in the disruption of both the granular and crystalline structure of 
native starch at  reduced temperature. Phase transition mode in low amylose starches (WMS 
and RMS) is both gelatinization and dissolution as confirmed by the presence of an 
overlapped exothermic and endothermic peak and a reduced enthalpy of gelatinization (ΔH). 
In high amylose starches (G50 and G80), dissolution is dominant as confirmed by formation 
of an exothermic peak and the undetected gelatinization endotherm. The effectiveness of the 
7.2/1 mol/mol water/[Emim][OAc] mole ratio can also be reflected by presence and absence 
of peak (endothermic or exothermic) in the DSC thermograms of storage times 0.5 h, 1.0 h, 
1.5 h and  2 h. Photography and microscopy results discussed in the previous section showed 
that the 7.2/1 mol/mol water/[Emim][OAc] began gelatinizing WMS and RMS in the first 20 
– 40 min. Hence by the time the equilibrated sample went into the DSC for heating and 
scanning, there was no crystallinity or granular structure left for heat to destroy for storage 
times 0.5 h, 1.0 h, 1.5 h and 2.0 h. (ii) Both heat and the 7.2/1 mol/mol water/[Emim][OAc] 
mole ratio are requirements for faster phase transition of maize starches. In the 0 h storage 
time, phase transition of the four maize starches was completed in the first 7 min (see Figure 
3.18). Without heat, as seen earlier in photography and microscopy work, the 7.2/1 mol/mol 
water/[Emim][OAc] took 30 – 60 min to gelatinize WMS and RMS (Figures 3.5 and 3.7).  
 
 
 
88 
 
3.3.2.2 Exothermic phenomena of maize starches with abundant 
water/[Emim][OAc] systems after 0 – 2 h storage 
 
The exothermic phenomena have been observed in previous studies of starch with high 
concentration of solvents such as glycerol, N-methyl morpholine N-oxide (NMMO) 
(Habitante et al., 2008; Perry & Donald, 2000; van Soest et al., 1996; Koganti, Mitchell, 
Ibbett & Foster, 2011). In this study, water/[Emim][OAc] mole ratios of 7.2/1, 2.8/1 and 
0.1/1 mol/mol all formed an exothermic peak with maize starches. The presence of an 
exothermic peak is usually interpreted as a sign of dissolution. Normally molecular melting 
of a polymer gives a conventional endotherm, whereby energy is required to melt the 
crystalline regions. The dissolution of a polymer is a result of its mixing with the solvent, 
where the heat of mixing is dependent on the breaking of polymer-polymer interactions and 
the formation of new polymer-solvent interactions (Koganti et al., 2011).  
At water/[Emim][OAc] mole ratio of 7.2/1 mol/mol (Figure 3.18), both dissolution and 
gelatinization occurred in WMS and RMS. Although both transitions were evident in these 
two starches, dissolution was dominant as confirmed by the reduced enthalpy of 
gelatinization (Tables 3.2 and 3.3). The dissolution process in disrupting the native granular 
structure of low amylose maize starches may have triggered partial crystalline melting which 
caused granular swelling at reduced temperature. Further gradual dissolution disrupted the 
remaining granular and crystalline structures. However, with G50 and G80 dissolution was 
the only phase transition process dominant at lower temperature whereby the crystalline 
structure is disrupted without any granular swelling. On the other hand, gelatinization may 
have occurred but not at lower temperatures. Rise in amylose content of starch moved the 
exothermic peak to higher temperatures due to dense solid structure of G50 and G80 (Chen et 
al., 2009). 
A big exothermic peak was shown by all maize starches at different storage times with 2.8/1 
mol/mol and 0.1/1 mol/mol water/[Emim][OAc] (see C and F in Figures 3.13, 3.14 and 3.15). 
Figures 3.16 and 3.17 diagrammatically illustrates the characteristic data of the exothermic 
peaks in water/[Emim][OAc] mole ratios of 2.8/1 and 0.1/1 mol/mol. The exothermic 
transition data in 0.1/1 mol/mol water/[Emim][OAc] at different storage times is shown in 
Table 3.4. An important observation noted between Figures 3.16 and 3.17 is the phenomenal 
increase in exothermic characteristics (onset temperature, peak temperature and enthalpy  
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Figure 3.16 The effect of starch type on the DSC exothermic parameters: onset temperature, peak temperature and enthalpy at 
water/[Emim][OAc] mole ratio of 2.8/1 mol/mol. 
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Figure 3.17 The effect of starch type on the DSC exothermic parameters: onset temperature, peak temperature and enthalpy at 
water/[Emim][OAc] mole ratio of 0.1/1 mol/mol.  
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Table 3.4 Exothermic parameters of WMS, RMS, G50 and G80 in water/[Emim][OAc] of  mole ratio 0.1/1 mol/mol  
Starch    Storage time (h) Onset temperature (°C) Peak temperature (°C) Enthalpy of Exotherm (J/g) 
WMS 0 58.75 88.86 196.8 
 0.5 53.98 87.13 191.8 
 1.0 49.44 86.31 189.2 
 1.5 48.99 86.24 187.0 
 2.0 48.22 85.94 182.7 
RMS 0 76.03 92.79 197.6 
 0.5 73.18 92.70 172.8 
 1.0 73.17 92.63 168.8 
 1.5 72.73 92.56 160.9 
 2.0 72.31 91.88 152.1 
G50 0 63.03 81.24 212.2 
 0.5 60.87 80.72 171.8 
 1.0 59.53 80.57 170.7 
 1.5 58.73 80.34 164.7 
 2.0 57.86 79.92 148.7 
G80 0 52.25 81.49 166.0 
 0.5 51.06 81.18 163.3 
 1.0 48.20 80.33 157.2 
 1.5 47.80 80.31 156.8 
 2.0 45.11 78.07 153.6 
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Figure 3.18 The effect of the 7.2/1 mol/mol mole ratio water/[Emim][OAc] on maize starches.
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change) when water/[Emim][OAc] mole ratio was reduced from 2.8/1 mol/mol to 0.1/1 
mol/mol for all maize starches.  Though no confirmation of whether an endotherm was also 
enclosed in the exothermic peak, it could be proposed that the lack of water delayed phase 
transition, the reason for the wide temperature range exothermic peak in both 
water/[Emim][OAc] mole ratios. However, with the 0.1/1 mol/mol water/[Emim][OAc], 
absence of water in the solution allowed more free hydroxyl groups in starch to interact with 
[Emim][OAc] hence a much bigger exotherm produced whereas with the 2.8/1 mol/mol 
water/[Emim][OAc], water available interacted with some starch hydroxyl groups, leaving 
less for interaction with [Emim][OAc] hence producing an exotherm of reduced size.  
Another observation noted with effect of the 2.8/1 mol/mol water/[Emim][OAc] in Figure 
3.16 is that the onset temperature To and peak temperature Tp of the exothermic peak in WMS 
were the lowest while the other three maize starches were similar with higher values. In 
addition, the enthalpy of dissolution decreased with increase in amylose content. Effects 
noted could again be related to the explanation given earlier in that high amylose contents 
starches have compact starch structures that is thermally stable and resistant to solvent (Chen 
et al., 2007, Liu et al., 2006) hence higher onset and peak temperatures in RMS, G50 and 
G80.  The decrease in enthalpy of dissolution is speculated to be partly due to the above 
reason. As amylose content increases, the power to disrupt the strong solid structures also 
decreases, consequently the ability for starch to interact with [Emim][OAc] is reduced.  
Figure 3.17 compares the four starches in water/[Emim][OAc] mole ratio of 0.1/1 mol/mol. 
Similar to the effect of the 2.8/1 mol/mol, the onset temperature and peak temperature 
increased with increase in starch amylose content. Chen et al (2009) also reported that low 
amylose starches (WMS and RMS) contain many large channels connecting the granules 
surface and cavities in the hilum, while in high amylose starches (G50 and G80), these 
channels are absent making them less permeable  by solvents, hence less interaction of starch 
and [Emim][OAc]. Concerning change in enthalpy of dissolution, the pattern observed was 
odd in that the enthalpy change increased from WMS to G50 and then dropped with G80. 
Similar effect was observed with the usage of glycerol (Liu et al., 2011) with the type of 
starch and its supramolecular structure established to be the basis of the trend. Tan et al 
(2007) reported G50 to contain less double helix and crystallinity but more amorphous region 
than WMS, thus it should contain more free –OH groups for starch-solvent–OH binding 
reaction. G80, on the other hand, has a relative larger proportion of V-type polymorph and 
lower proportion of amorphous regions, hence less free –OH groups available for starch-
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solvent –OH binding reaction. In addition, amylopectin molecular size increases with 
amylose content in maize starches, a possible reason why high amylose maize starch has 
unique properties (Cheetham & Tao, 1998). Table 3.4 shows the effect of storage time on the 
exothermic characteristics of the maize starches in 0.1/1 mol/mol water/[Emim][OAc]. It 
could be seen that as storage time increased from 0 to 2 h, all exothermic characteristics such 
as onset temperature, peak temperature and enthalpy change decreased. The big exothermic 
peak was maintained even 2 h after storage, however, it is speculated that the exothermic 
peak will continue to decrease and disappear as storage hours lengthen due to self-assembly 
of amylopectin crystallites.  
 
 
3.3.3  
13
C NMR Spectroscopy 
 
3.3.3.1 13C NMR of the four maize starches in water 
 
Starch has been the subject of solid state NMR investigation for almost three decades, in 
particular the elucidation of the molecular organization of starch granules at shorter range 
order (Gidley & Bociek, 1985; Veregin, Fyfe & Marchessault, 1987; Horii, Yamamoto, Hirai 
& Kitamaru, 1987; Singh, Ali & Divakar, 1993; Morgan, Furneaux & Larsen, 1995). 
13
C 
CP/MAS NMR allows the observation of the less mobile or rigid parts of a sample. Previous 
studies using 
13C CP/MAS NMR spectroscopy on various polymeric and oligomeric α-(1→4) 
glucans permitted the assignments of the 
13
C chemical shifts for the different carbon 
resonances of the hexapyranoses (Gidley & Bociek, 1985; Gidley & Bociek, 1988; Veregin 
& Fyfe, 1986; Veregin & Fyfe, 1987).  
The peak resonances in the range 90 – 105 ppm are assigned to C-1, 82 – 84 ppm is C-4 and 
60 – 64 ppm resonance is C-6. The large signal around 70 – 73 ppm is associated with C-2, 3 
and 5. The C-1 region normally displays different signal multiplicities, a characteristic feature 
of the three types of crystalline polymorphs (Gidley & Bociek, 1988; Cheetham & Tao, 
1998). The A-type polymorph exhibits a characteristic triplet signal multiplicities (~ 102, 101 
and 100 ppm) while the B-type shows a doublet (~ 101 and 100 ppm) signal multiplicities 
(Gidley & Bociek, 1988; Cheetham & Tao, 1998). The amorphous and V-type helical 
structures exhibit a single peak or do not show NMR signal multiplicities at the C-1 region.  
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The 
13
C CP/MAS NMR spectra of gels or suspensions formed from the four maize starches 
(WMS, RMS, G50 and G80) dispersed in pure water, 7.2/1 mol/mol and 0.1/1 mol/mol 
water/[Emim][OAc] at room temperature are shown in Figures 3.20 to 3.26. Using the 
information on 
13
C chemical shifts assignments for different carbon resonances above, the 
NMR spectrum of each maize starch at room temperature in different water-[Emim][OAc] 
system is analyzed. However, the 
13
C NMR spectroscopy of dry native starches from the 
literature will be briefly discussed.  Gidley & Bociek (1985) surveyed the 
13
C CP/MAS NMR 
of a variety of native starches, namely rice, maize, waxy maize, amylomaize and potato 
(Figure 3.19). For all the native starches, resolved resonances in the ranges 60-64 ppm and 
94-95 ppm assigned to C-6 and C-1 sites were established. A major signal intensity in the 
range 68-77 ppm believed to be due to C-2, C-3, C-4 and C-5 sites were also determined in 
all the native starches. An additional low intensity resonance at 80-83 ppm believed to be due 
to C-4 carbons of non-crystalline material was always observed (Veregin & Fyfe, 1986).   
  
 
 
 
 
Figure 3.19 
13
C CP/MAS NMR spectra of (a) rice, (b) maize, (c) waxy maize, (d) 
amylomaize and (e) potato starches. 
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From this study, Gidley & Bociek (1985) proposed that the amylose/amylopectin ratio is not 
the dominant factor in the spectral similarity of maize (25 % amylose), waxy maize (0 % 
amylose) and amylomaize (70 % amylose) starches.  Native starch granules are composed of 
three structural confirmations namely the amorphous, single helical (V-type) and double 
helical (A, B-type) conformations. Hence, the spectrum of a particular native starch can be 
represented as a combination of the spectral features of the amorphous, single helical V-type 
polymorph and the appropriate crystalline spectral features (Tan et al., 2007). Another 
observation frequently noted for dry native starches is the broad and almost structureless 
resonances that is detected which is speculated to be related to nonequivalent magnetic 
environments due to differences in molecular conformation and packing (Horrii, Yamamoto, 
Hirai & Kitamaru, 1987).  
The 
13
C CP/MAS NMR spectrum of WMS, RMS, G50 and G80 in water is shown in Figure 
3.20. All peaks or resonances of the different spectra are within the 55-105 ppm range. While 
the four maize starches differ granularly in structure and content, the carbon signals of their 
respective polymer chains are in broad agreement with those reported in the literature with 
signals resolved at 98-105 ppm (C-1), 68-77 ppm (C-2, C-3, C-4, C-5) and 60-64 ppm (C-6) 
(Gidley & Bociek, 1985; Gidley, 1985). The C-1 region in CP/MAS NMR experiments is 
interesting in that it is sensitive to the crystalline structure of starch and any structural 
changes that occurred in starch due to plasticizer effect can be easily mastered through 
qualitative analysis of C-1 peak. Multiplicities and the chemical shifts assigned to C-1 atoms 
have been correlated for a long time to the glycosidic conformation and polymorphism of 
starch (Hewitt, Linder, Perez & Buleon, 1986; Veregin, Fyfe, Marchessault & Taylor, 1986; 
Horii, Yamamoto, Hirai, Kitamaru, 1987). For crystalline A-type starch, C-1 shows a distinct 
three-peak pattern whereas for the B-type, a two-peak pattern is observable. C-type starch 
shows a mixed pattern of both A- and B-types. Another type of starch known as V-type, 
which is the amylose lipid complex in the form of single helix shows a single resonance 
(single peak with no multiplicity) for C-1 (Tang & Hills, 2003).  
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Figure 3.20 13C CP/MAS NMR spectra of suspensions formed from the four maize 
starches dispersed in pure water. The four starches are distinguished as follows: WMS 
(green), RMS (blue), G50 (purple) and G80 (red).  
 
An interesting feature noted in the 
13
C CP/MAS NMR spectra of the four maize starches is 
the lack of distinct splitting or multiplicity in the C-1 peak when compared to past studies for 
hydrated native starches reported in the literature. Although native starch granules consists of 
three major configurations, namely the amorphous conformation, a rigid ordered 
configuration composed of double helices and single helixed V-type polymorph, at room 
temperature, water preferentially enters the amorphous regions of granules (Cameron & 
Donald, 1992) and this permits rearrangements by plasticization of amorphous regions with 
the buildup of crystalline hydrate lattices of different stoichiometries depending on the 
polymorphic type (Imberty et al., 1991; Rappenecker & Zugenmaier, 1981). Besides poor 
visibility of peak multiplicity, the C-1 peak appears to be broad and not narrow, another 
commonly observed feature of past reported hydrated native starches (Tang & Hills, 2003; 
Veregin, Fyfe, Marchessault & Taylor, 1986). According to Cheetham & Lao (1998), the 
amylose content significantly affects the relative signal intensities and line-widths of C-1 and 
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C-4 resonances and narrower line-widths after hydration are attributed to increased degree of 
crystallinity. Veregin, Fyfe, Marchessault & Taylor (1986) describes narrowness of 
13
C NMR 
peaks to be due to increased short-range order in the crystalline regions of the hydrated 
starch. Hence for a broad peak, the opposite effect is presumed to occur with the 
recrystallized sample acquiring less of the short-range order polysaccharides. One other 
important feature commonly observed in the 
13
C NMR of most native starches reported in the 
literature is the existence of peak shoulders at approximately 81-83 ppm and 102-103 ppm 
that are coincident with the C-4 and C-1 chemical shifts of a V-type polymorph. The 82-83 
ppm peak is also believed to be due to the non-crystalline component of C-4 in native 
starches and disappears when native starch gets hydrated with water (Tang et al., 2007; 
Gidley, 1985; Tang & Hills, 2003; Veregin, Fyfe, Marchessault & Taylor, 1986). Veregin et 
al (1986) expressed that with low amylose starches, disappearance of certain resonances or 
peaks during hydration is due to conversion of the noncrystalline material to crystalline 
material due to the presence of water. This observation is evident in the 
13
C NMR spectra of 
WMS and RMS (Figure 3.20). Also, elimination of the 80-84 ppm peak is reported to be due 
to the hydration induced mobilization of the amorphous polysaccharides (Tang & Hill, 2003).  
However with G50 and G80 (Figure 3.20) an additional feature noted in their spectra is the 
emergence of the V-amylose resonances at 103 ppm and 82 ppm, peaks that were absent in 
the low amylose maize starches WMS and RMS. The V-amylose resonances emerge due to 
the progressive hydration of the amorphous regions invisible to CP/MAS. The percentage of 
double helices is high in waxy and regular maize starches but with high amylose starches 
such as G80, double helices content is considerably low which can be attributed to the 
presence of V-type conformation. Both G50 and G80 have similar relative amounts of double 
helices but different proportions of V-type structure. The relative proportion of V-type 
conformation increases with increasing amylose content (Tan et al., 2007). It is also noted in 
Figure 3.20 that the C-1 peak of hydrated G50 is broad. Veregin, Fyfe, Marchessault & 
Taylor (1986) related the narrowness of the 
13
C peaks to increased short-range order                   
in the crystalline regions of the hydrated starch while a broad peak is                                    
presumed to be due to less of the short-range order polysaccharides. 
 
99 
 
3.3.3.2  
13
C NMR and 
13
C HP/DEC of the maize starches in 7.2/1 
mol/mol water/[Emim][OAc]  
 
The 
13
C CP/MAS NMR spectra of WMS, RMS, G50 and G80 in 7.2/1 mol/mol 
water/[Emim][OAc] is shown in Figure 3.21. The positions of the major signals are 101 ppm   
(C-1), 78 ppm (C-4), 68-77 ppm (C-2, C-3, C-5) and 60-64 ppm (C-6). Generally the C-1 
region in a 
13
C NMR spectrum demonstrates the existing crystal structure of the starch. A 
triplet or doublet peak signifies the presence of a crystalline structure, either A-type or B-type 
whereas a single peak at C-1 region indicates the existence of either an amorphous structure 
or a V-type starch. However, the V-type structure can be distinguished by a   C-1 shoulder 
peak at 103-104 ppm and a characteristic C-4 resonance at 82-83 ppm.  
Figure 3.21 clearly shows the existence of a sharp, single peak that resembles the spectral 
features of an amorphous starch or V-type polymorph at the C-1 region of WMS and RMS. 
However, V-polymorph or single helix in low amylose maize starch is negligibly low (Tan et 
al., 2007). Moreover, the absence of the V-type characteristic resonances of 103-104 ppm and 
82-83 ppm resonance also confirms the existence of an amorphous structure. Also, the slight 
hump at 82-84 ppm in WMS and RMS corresponds to the non-crystalline (amorphous) 
regions of C-4 carbons. NMR spectra of starch granules can be analyzed in terms of a 
combination of amorphous and ordered components. As NMR spectroscopy is a short 
distance range probe, it is considered that detected order corresponds to double helix content 
in contrast to XRD which detects only those double helices that are packed in regular arrays 
(Cooke & Gidley, 1992). Hence it could be deduced that the 7.2/1 mol/mol 
water/[Emim][OAc] applied to WMS and RMS disrupted most or all of the double helical 
structures. In contrast to WMS and RMS, the destructive effect of the 7.2/1 mol/mol 
water/[Emim][OAc] on G50 and G80 is not observed.  No double helix disruption occurred, 
evidenced by the multiplicity of the G50 and G80 C-1 peak (Figure 3.21). It is also evidently 
clear that the 7.2/1 mol/mol water/[Emim][OAc] induces the formation of a  V-type 
polymorph in G50 and G80 due to development of resonances 103-104 ppm and 82-83 ppm 
as shown in Figure 3.22. 
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Figure 3.21 13C CP/MAS NMR spectra of gel or suspension formed from the four maize 
starches dispersed in 7.2/1 mol/mol water/[Emim][OAc]. The four starches are distinguished 
as follows: WMS (blue), RMS (green), G50 (purple) and G80 (red).  
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Figure 3.22 
13
C CP/MAS NMR spectra of gel/suspension formed from WMS, RMS, G50 
and G80 dispersed in 7.2/1 mol/mol water/[Emim][OAc]. Black arrow indicates V-type 
resonances of G50 and G80. 
 
However, previous studies have shown that at room temperature and high moisture content, 
there is increased mobility of polymer chains in the amorphous components of starch, hence 
the 
13
C CP/MAS NMR spectra of starches may only correspond to the crystalline part of the 
sample with the amorphous part being invisible with high moisture to acting as plasticizer 
(Bogracheva, Wang & Hedley, 2001). Mobile sites which are less responsive to CP/MAS 
NMR can be detected with 
13
C HP/DEC. Changes in peak intensities in a 
13
C HP/DEC 
spectra correspond to mobility changes due to ordering of the material. Figures 3.23 to 3.25 
reveal the 
13
C HP/DEC spectra of the gel formed from WMS, G50 and G80 in 7.2/1 mol/mol 
water/[Emim][OAc]. In each spectrum, it can be seen that both the mobile peaks of 
[Emim][OAc] and starch exist, with the peaks of [Emim][OAc] strong, narrow and sharp 
signifying its high mobility. The mobile carbon peaks of [Emim][OAc] are observed at about 
15 ppm, 25 ppm, 37 ppm, 45 ppm, 125 ppm, 137 ppm and 180 ppm while mobile starch 
signals appear at the same positions earlier detected in the CP/MAS spectra. Existence of 
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starch signals in the HP/DEC spectrum also indicate that polysaccharide chains of starch are 
mobile and not bound to [Emim][OAc].  
Earlier from CP/MAS spectrum of Figure 3.21, it is evidently clear that [Emim][OAc] peaks 
are absent. The absence of the [Emim][OAc] peaks in the CP/MAS spectra of the gel and 
their full appearance in the 
13
C HP/DEC spectrum of Figures 3.23 to 3.25 can demonstrate 
that the ionic liquid [Emim][OAc] experiences no restrictive motion, hence may not have 
penetrated into the starch network with no chemical or molecular interaction between 
[Emim][OAc] and the maize starches, or that [Emim][OAc] have penetrated into the starch 
and due to interactions the peaks have broadened so much that they cannot be seen anymore.  
 
 
 
Figure 3.23 13C HP/DEC spectra of gel formed from dispersion of WMS in 7.2/1 mol/mol 
water/[Emim][OAc].  
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Figure 3.24 13C HP/DEC spectra of gel formed from dispersion of G50 in 7.2/1 mol/mol 
water/[Emim][OAc].  
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Figure 3.25 
13
C HP/DEC spectra of gel formed from dispersion of G80 in 7.2/1 mol/mol 
water/[Emim][OAc].  
 
3.3.3.3 
13
C NMR of the four maize starches in 0.1/1 mol/mol  
Water/[Emim][OAc]  
 
The 
13
C CP/MAS NMR spectra for WMS, RMS, G50 and G80 in 0.1/1 mol/mol 
water/[Emim][OAc] is depicted in Figures 3.26. For all the four maize starches, all peaks or 
resonances appeared between 55-105 ppm. The chemical shifts of major resonances are: a 
low distinct multiple headed 98-103 ppm peak at C-1 region; a sharp, low field C-4 peak at 
78 ppm, a double split broad peak at C-2, C-3, C-5 sites in the range 68-77 ppm and a C-6 
peak at 60-64 ppm. The amylose content significantly affects the relative signal intensities 
and line-widths of C-1 and C-4 resonances. Narrower line-widths after hydration are 
attributed to increased degree of crystallinity (Cheetham & Lao (1998). The line-widths of 
the C-1 peaks obtained from the four maize starches mixed with 0.1/1 mol/mol 
water/[Emim][OAc] are narrower than the C-1 peaks of maize starches in water (earlier 
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discussed) signifying increased re-crystallisation of non-crystalline regions of the four maize 
starches.  
 
Figure 3.26 13C CP/MAS NMR spectra of gel or suspension formed from the four maize 
starches dispersed in 0.1/1 mol/mol water/[Emim][OAc]. The four starches are distinguished 
as follows: WMS (green), RMS (blue), G50 (purple) and G80 (red).  
 
According to Veregin, Fyfe, Marchessault & Taylor (1986), narrowness of 
13
C NMR peaks is 
also attributed to increase of short-range order in the crystalline regions of the hydrated 
starch. Another feature that also authenticates the re-crystallization of non-crystalline regions 
is the absence of 80-83 ppm peak normally assigned for the non-crystalline component of C-4 
region which is also reported to be due to the hydration induced mobilization of the 
amorphous polysaccharides (Tang & Hill, 2003). Besides, though there is a subtle splitting of 
the C-1 peak, the absence of a single sharp peak usually associated with the existence of an 
amorphous region also verifies the presence of a crystallized material.  
Similar to results disclosed for G50 and G80 in pure water discussed earlier, G50 and G80 in 
0.1/1 mol/mol water/[Emim][OAc] at room temperature induced the development of the V-
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type resonances at 103 ppm and 82 ppm, believed to be due to the progressive hydration of 
the amorphous regions invisible to CP/MAS. Double helices content is very low in high 
amylose starches such as G50 and G80 (Tan et al., 2007) which can be attributed to the 
presence of V-type conformation. One other important aspect noted in the 
13
C CP/MAS NMR 
spectra of WMS, RMS, G50 and G80 in 0.1/1 mol/mol water/[Emim][OAc] is the absence of 
[Emim][OAc] peaks, though bulk content of the plasticizer mixture was [Emim][OAc]. 
Virtually, this indicates the mobility of [Emim][OAc] and the inability of the maize starches 
to restrict the movement of [Emim][OAc] by chemically incorporating [Emim][OAc] 
molecules in their network. 
 
3.3.4   X-ray Diffraction (XRD)  
 
The starch granule is known to be semi-crystalline consisting of crystalline and amorphous 
regions. For a specific type of starch, a certain XRD pattern can be obtained. The XRD 
patterns of crystalline parts of starch always have sharp peaks while those of amorphous parts 
of starch are dispersive (Gernat, Tadosta & Damaschun, 1990). Each type of crystalline 
structure has its own XRD pattern. In earlier sections of this chapter, the 7.2/1 mol/mol 
water/[Emim][OAc] is noted for its unusual performance in gelatinizing some maize starches 
at room temperature. Native WMS displays peaks indicative of an A-type crystallinity at 2Ɵ 
values of around 19.7º, 20.8º and 26.6º (Figure 3.26 A). No peaks are observed in the 
spectrum of WMS after treatment with 7.2/1 mol/mol water/[Emim][OAc]  at room 
temperature (Figure 3.26 B). Comparable results by RMS are also displayed, with native 
RMS (Figure 3.27 A) showing three characteristic diffraction peaks at 2Ɵ values of around 
19.7º, 20.8º and 26.6º which signifies the existence of an A-type polymorph. In contrast, the 
XRD spectrum of RMS after treatment generates a diffractogram with no characteristic peaks 
(Figure 3.27 B). These observations on WMS and RMS confirm earlier results in that the 
7.2/1 mol/mol water/[Emim][OAc] destroys the crystallinity of WMS and RMS at room 
temperature with an amorphous structure generated in return.  Figures 3.28 and 3.29 show the 
XRD pattern of G50 and G80, before and after treatment with   7.2/1 mol/mol 
water/[Emim][OAc]. A peak at around 2Ɵ value of 5.6º, 15º, 17º, 22º and 24º signify the 
presence of a B-type polymorph (Zhu, Li, Chen & Li, 2012) in both native G50 and G80 
(Figure 3.28 A and Figure 3.29 A). 
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Figure 3.27 The X-ray diffraction patterns of different starch (A-B: WMS and RMS, 
respectively) as (I) native starch and (II) gel from starch treated with 7.2/1 mol/mol 
water/[Emim][OAc].
A (I) A (II) 
 
 
B (I) B (II) 
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Figure 3.28 The X-ray diffraction patterns of different starch (C-D: G50 and G80, 
respectively) as (I) native starch and (II) gel from starch treated with 7.2/1 mol/mol 
water/[Emim][OAc]. 
 
After treatment with the 7.2/1 mol/mol water/[Emim][OAc], the characteristic peak of about 
6.3º which is indicative of a B-type structure is observed to remain in existence though its 
intensity has decreased (Figure 3.29 B and Figure 3.29 B). The diffraction peak at around 20º 
of the B-Type granule also shows the presence of V-type crystalline structure (Zhang et al., 
D (II) 
 
C (I) 
 
C (II) 
 
 
D (I) 
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2013). Like previous results, XRD patterns of G50 and G80 confirm that their compact                                                       
granular structures are difficult to gelatinize at room temperature. 
 
3.3.5  FTIR Spectroscopy  
 
It is apparent from the discussion earlier in this thesis that the 7.2/1 mol/mol 
water/[Emim][OAc]  has some unique properties that are manifest in markedly differentiated 
ability to disrupt the structure of the various maize starch mutants. Moreover, a peculiar 
observation noted with the 7.2/1 mol/mol water/[Emim][OAc], is its ability to gelate and 
gelatinize low amylose maize starches such as WMS and RMS at room temperature. Hence, 
in this section, particularly the interaction between [Emim][OAc] and the four maize starches 
is studied using the 7.2/1 mol/mol water/[Emim][OAc] mole ratio. Figure 3.29 show the 
FTIR spectra of the starch gels or suspensions formed after 2 h. The spectra of the native 
maize starches are marked in purple in the given figures. Using the methodology defined by 
Kizil, Irudayaraj & Seetharaman (2002) and Capron et al (2007), the main characteristics of 
the mid–infrared spectra of any starch are assigned as follows: (i) The 3600-3000 cm-1 region 
which is a broad absorption peak is associated with the stretching vibration mode of the 
hydrogen bonded O-H groups of starch and absorbed water; (ii) The 3000-2800 cm
-1
 define 
the absorption peaks of a C-H stretch;
 
(iii) The 1200-950 cm
-1
 region, are the absorption 
peaks of the C-C and C-O stretching vibration modes and of the C-O-H bending modes; (iv) 
The 950-700 cm
-1
 region, represent the C-O-C  stretching and breathing modes; (v) The 
1300-700 cm
-1 
region is impossible to resolve due to highly coupled vibration modes. 
Characteristic absorption peaks of all maize starches irrespective of their botanical origin 
noted in Figure 3.29 are: (i) an absorption peak corresponding to the stretching vibration 
mode for C-O-C of the anhydroglucose unit at 1100-900 cm
-1
; (ii) vibrations near 2900 cm
-1
 
arising from CH- and CH2- structural elements; (iii) a broad band arising from OH-vibrations 
associated with free inter and intramolecular hydrogen bonds at around 3400 cm
-1
. 
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Figure 3.29 FTIR spectra of different starch (A-D: WMS, RMS, G50 and G80, 
respectively) at: (I) 2500-3700 cm
-1
 range and (II) 800-1800 cm
-1 
range. Native starch (purple 
line), 7.2/1 mol/mol water/[Emim][OAc] (blue line), pure [Emim][OAc] (green line),  native 
starch in 7.2/1 mol/mol water/[Emim][OAc] (red line). 
 
The spectra of gels or suspensions formed from maize starches with 7.2/1 mol/mol 
water/[Emim][OAc] is indicated in red in all the given figures. The spectra of pure 
[Emim][OAc] is indicated in green in all the figures. In addition to the three spectra, the 
spectrum of the 7.2/1 mol/mol water/[Emim][OAc] with no starch is also included which is 
indicated in blue. A peculiar observation in Figure 3.29 is the strong resemblance between the 
spectra of gels or suspensions formed from maize starches in 7.2/1 mol/mol 
water/[Emim][OAc] with the spectrum of 7.2/1 mol/mol water/[Emim][OAc] (without 
starch). Apparently all the absorption peaks of the spectra of gels or suspensions formed from 
maize starches in 7.2/1 mol/mol water/[Emim][OAc] are observed in the spectrum of pure 
[Emim][OAc]. Nevertheless, this is also expected since the water/[Emim][OAc] content 
mixed with the starch is in excess. However, another plausible explanation could be related to 
the ability of the dipoles in starch to interact with the incident IR (infra red) energy. As a 
result the responses detected could be very small; hence FTIR data obtained could be that of 
the ‘free solvent’ only, hence confirms an earlier conclusion that there is very little 
interaction between the [Emim][OAc] and the starch. Normally the lower to higher wave 
numbers shifting, change in peak intensity and band width change of absorption peaks are 
clues to whether an interaction between the different components of the reaction system 
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occurs or not. A detailed assignment of absorption peaks in the FTIR spectrum of pure 
[Emim][OAc], which is similar to the results of this study, was reported by Kiefer et al 
(2008). It can be seen that with pure [Emim][OAc] (Figures 3.29 A, B, C, D (I)), the broad 
absorption peak associated with intermolecular O-H vibrations appears at about 3600-3200 
cm
-1
.  A number of comparatively weak overlapping CH stretching modes is observed in the 
range 3200-2700  cm
-1
. No characteristic lines are found in the spectral range 2700-1800 cm
-1
 
while the 2000-1000 cm
-1
 range are contributions from the acetate anion. For Figures 3.31 to 
3.34 B, an absorption peak believed to be attributed to the C=O stretching band and related to 
the delocalization of the electrons in the ionic acetate compound is given at 1566 cm
-1
.  At 
1425 cm
-1
 and 1249 cm
-1 
are absorption peaks corresponding to the bending and stretching 
vibrations of C-CH3 from acetate. A characteristic FTIR band at 1174 cm
-1
 corresponds to the 
[Emim]
+
 ring in-plane asymmetric stretching with contributions from the (N)CH2, CH3(N)CN 
and C-C stretching’s. The 1000-800 cm-1 peak is attributed to the [Emim] cation.  
Irrespective of the type of maize starch, it is clearly obvious that the absorption peaks of the 
spectra of the gel or suspension formed from the 7.2/1 mol/mol water/[Emim][OAc] 
(indicated in red) is almost a copy of the 7.2/1 mol/mol water/[Emim][OAc] spectra 
(indicated in blue) with the absorption peaks of the two spectra located on the same wave 
number. In other words there is no shifting of absorption peaks to higher or lower wave 
numbers. It can also be seen that there are no added (new) signals in the spectra of the 7.2/1 
mol/mol water/[Emim][OAc] treated maize starches. Although these spectra are very similar, 
there are some slight differences in the peak which may indicate some interaction. Also, it 
can be seen that the spectra of G50 and G80 are more similar than those for WMS and RMS 
suggesting that there has been more interaction as part of the disruption of the structure. 
Usually the quickest signature of interactions is the increase or decrease in width of the O-H 
absorption band at 3600-3000 cm
-1
 in the after treatment spectra.  More changes are observed 
in the spectra of WMS and RMS compared to G50 and G80. The changes observed signify 
some interaction between WMS and RMS with 7.2/1 mol/mol water/[Emim][OAc].  
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3.4  Discussion  
 
3.4.1 Gelation and gelatinization of maize starches at room 
temperature – influence of water/[Emim][OAc] ratio and 
starch type 
An interesting result noted in this chapter is the ability of low amylose maize starches (WMS 
and RMS) to gelate and gelatinize at room temperature in the 7.2/1 mol/mol 
water/[Emim][OAc], as shown by the photographs of Figure 3.2, though four maize starches 
and six mole ratios of water/[Emim][OAc] were used. To substantiate the results obtained 
from photography/visual inspection, microscopy was executed to check on crystallinity 
disruption, a characteristic of gelatinization, evidenced through loss of birefringence or 
Maltese crosses as shown in Figures 3.5 and 3.7.  As mentioned earlier, results from 
photography/visual inspection and microscopy harmonized in that (i) only two maize starches 
(WMS and RMS) gelatinized at room temperature, (ii) only one water/[Emim][OAc] mole 
ratio (7.2/1 mol/mol water/[Emim][OAc] mole ratio) out of the six mole ratios used, 
gelatinized the two maize starches.  It was also concluded from the above observations that 
both water and [Emim][OAc] were co-agents for gelatinization of maize starches when 
applied in these concentrations i.e. water and [Emim][OAc] deliver a combinational effect 
within this concentration range only.  
To confirm the effect of the 7.2/1 mol/mol water/[Emim][OAc] on the crystallinity of the 
maize starches, XRD was implemented (Figures 3.27 and 3.28). Before treatment with the 
7.2/1 mol/mol water/[Emim][OAc], native WMS and RMS showed the presence of 
diffractogram peaks  that were characteristic of an A-type crystalline starch. After treatment 
with the 7.2/1 mol/mol water/[Emim][OAc], the characteristic diffractogram peaks 
disappeared in the XRD spectra of both starches signifying the complete loss of crystallinity 
in the presence of this water/[Emim][OAc] mole ratio. Investigation with the use of 
13
C 
CP/MAS NMR also supported the other results in that the 7.2/1 mol/mol water/[Emim][OAc] 
disrupted all the double helices of WMS and RMS starches. With pure water and 0.1/1 
mol/mol water/[Emim][OAc],  recrystallisation of amorphous regions was induced in WMS 
and RMS while a V-type crystalline starch was developed in G50 and G80. 
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Water plays a critical role in the gelatinization of starch as it initiates the hydration and 
swelling of granules. Since water promotes gelatinization, it is sometimes referred to as a 
plasticizer. Nevertheless, in the absence of water the starch granules degrade on heating. 
Water forms hydrogen bonds with the hydroxyl groups of starch amylose and amylopectin 
(Shogren, 1993). The water content available in starch-water gelatinization systems is known 
to have a predominant influence on the extent of gelatinization. Results from DSC, SAXS, 
XRD, DMA and NMR show that increasing moisture decreases the gelatinization 
temperature of heating initiated starch-water gelatinization systems (Donovan, 1979; Evans 
& Haisman, 1982; Nakazawa et al., 1984; Slade & Levine, 1988; Biliaderis et al., 1986; 
Waigh et al., 2000; Tester, Debon, Davies & Gidley, 1999; Ball et al., 1996; Elliasson & 
Lund, 1980). According to Hoseney, (1998), Elliasson & Lund (1980) and Lai & Kokini 
(1991), the minimum water content at which starch gelatinizes under shearless condition is 
33-60 % w/w, depending on the botanical source. Any water content below this amount 
results in incompletely gelatinized starch.   
The DSC results of this chapter (Figures 3.13 to 3.15) and the previous chapter (Figure 2.2) 
also displayed a similar behaviour. In decreasing order of water content, water/[Emim][OAc] 
mole ratios used were: 1/0 (pure water), 96.0/1, 25.0/1, 10.8/1, 7.2/1, 2.8/1and 0.1/1 mol/mol 
water/[Emim][OAc]. Maize starches with pure water induced the development of 
gelatinization endotherms at To ranging from 64-66 ºC. With the introduction of 
[Emim][OAc] and obviously decrease in amount of water, the To  increased as expected. 
However, further increase in [Emim][OAc] as in the 10.8/1, 7.2/1, 2.8/1and 0.1/1 mol/mol 
water/[Emim][OAc], reversed the earlier noted trend, with To decreased to as low as 35.54 ºC 
and the development of an exotherm in the 2.8/1 and 0.1/1 mol/mol water/[Emim][OAc] 
mole ratios.  
Generally, gelatinization is a heat based transformation, yet, it is also known that starch 
gelatinization is affected by various salts and some salts result in starch gelatinization at room 
temperature (Jane, 1993; Ahmad & Williams, 1999). The ability of some salts to gelatinize 
starch at room temperature rests on two effects according to Jane (1993): i) water structure 
and ii) electrostatic interactions between starch and ions. According to this model, water is a 
mixture of hydrogen-bonded clusters and unbounded free-water molecules. Ions with high 
charge density increase the structure of water and stabilize starch granules, ions of low charge 
density breaks water structure and destabilizes starch granules by forming helical complexes 
with starch.  
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KSCN ( ≥ 2 M) and CaCl2 ( ~ 3 M) both gelatinize starch at room temperature, however, 
further work on the two salts established their gelatinization effects to be governed by 
different mechanisms. The gelatinizing effect of water-[Emim][OAc] obtained via DSC in 
this study is very similar to the gelatinizing effect of the salt MgCl2  on sago starch studied by 
Ahmad & Williams (1999). The lowest To was displayed by the least concentrated MgCl2 
solution (most dilute solution). As MgCl2 concentration increased and obviously with water 
decreasing, the To also increased until a concentration of 2 M MgCl2 where trend reversed 
with To decreasing. Further increasing the concentration of MgCl2 further depressed the To 
until the concentration of 3.5 M MgCl2, where trend reversed again in upward mode but with 
the endothermic peak substituted by an exothermic peak.  
A very recent study in line with the findings of this study was reported by Sciarini et al 
(2014). Sciarini et al (2014) in an effort to understand starch destruction in water-ionic liquid 
mixtures, compared the gelatinization effects of solutions of [Emim][OAc] and choline 
acetate (CholAc) on regular corn starch found that in water-CholAc mixtures, To was the least 
in pure water which consistently increased as the amount of CholAc introduced into the 
system increased. At 50 % water and 50 % CholAc, the increasing To trend reversed and 
dropped, until 60 % CholAc and 40 % water. From 70 % CholAc and above, the trend 
reversed again (very similar to results of this study) but with an exothermic peak at a higher 
temperature than the previous one. An interesting point also noted in the Sciarini et al (2014) 
study is the exothermic-endothermic peak developed at the 70 % CholAc. At room 
temperature, Ahmad & Williams (1999) also reported that sago starch gelatinized at a 
concentration of 3.5 M for MgCl2. Although no report is given by Sciarini et al (2014) on the 
effect of CholAc solutions at room temperature, from the reported portion, it is very likely 
that the CholAc can also gelatinize regular corn starch at room temperature.  
Ionic liquids have been extensively developed in recent years due to some unique physico-
chemical properties they possess. The desirable properties of ionic liquids include low 
volatility, high thermal stability, low flammability and high charge density. Ionic liquids are 
very popular solvents for dissolution, extraction and separation of many compounds. Ionic 
liquids are generally believed to be polar liquids but most ionic liquids are found to have 
polarities similar to alcohols (Crowhurst et al., 2003). 
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Water used to be regarded as hostile to pure ionic liquids, due to the significant impairment 
of the properties of pure ionic liquids caused by traces of water. However, recently, ionic 
liquid/water mixtures are recognized for some interesting properties that are not found in pure 
ionic liquids. It has been reported that small amounts of water can dramatically influence the 
liquid properties of ionic liquids, in particular the diffusion coefficient, viscosity, polarity and 
surface tension of ionic liquids (Kohno & Ohho, 2012). In light of the brief recent 
developments in the properties of water/ionic liquid mixtures; it is very likely that the 7.2/1 
mol/mol water/[Emim][OAc] used in this study is strangely tuned in this manner. 
Nevertheless, the capacity of the [Emim][OAc] behaving like neutral salts reported in the 
literature remains a possibility and speculations on the logistics of this behaviour will be 
disclosed in the following chapter after further experimentation is explained.   
 
3.4.2 Consequences of amylose/amylopectin contents and starch type 
on the gelatinization of maize starches at room temperature 
An interesting observation also noted in this chapter is the consistency between the results 
from the different techniques. The various analyses used in this study agrees that the 7.2/1 
mol/mol water/[Emim][OAc] mole ratio is the only water/[Emim][OAc] mole ratio that was 
studied that can effectively gelatinize maize starches at room temperature.  However, only 
WMS and RMS were able to be gelatinized at room temperature. No gelatinization occurred 
with G50 and G80. The gelatinization and swelling properties of starches are known to be 
influenced by the amylose and amylopectin ratio in the starch (Koganti, Mitchell, Ibbett & 
Foster, 2011). A series of investigation with maize starches containing varying amylose 
contents indicated that gelatinization temperatures increased with increasing amounts of 
amylose using the DSC.Without heat (at room temperature), only the low amylose starches 
are susceptible to gelatinization. From the study of Tan et al (2007), amylose contents of the 
four maize starches WMS, RMS, G50 and G80 are 3.4 %, 24.4 %, 56.3 % and 82.9 %. Waxy 
starches usually swell to a greater extent than their normal amylose counterparts (Tester & 
Morrison, 1990) as amylose is proposed to act as a restraint to swelling (Hermansson & 
Svegmark, 1996). Waxy starch is a well studied cornstarch since it predominantly contains 
only one structure of glucan: amylopectin. Also, the presence of internal lipids in native 
cereal starches is known to affect the swelling and gelatinization properties of the granules 
(Morrison, 1995). According to Tan et al (2007), high amylose native starch granules contain 
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a considerable amount of a single helixed amylose-lipid complex of the V-type polymorph, a 
probable cause to the lack of swelling and gelatinization of G50 and G80 at room 
temperature. Obviously, a higher temperature would be required to break into the compact 
structure of G50 and G80. Besides, through confocal laser scanning microscopy (CLSM), the 
low amylose starches are discovered to have large channels connecting the periphery of the 
granules and the hilum while such channels are absent in high amylose starches (Chen et al., 
2009), a very likely reason to the less permeability of high amylose starches of G50 and G80.  
 
3.5  Conclusions  
 
Similar to findings of previous chapter, this study also confirms that  gelatinization and 
dissolution are both phase transition processes for maize starches in different water-
[Emim][OAc] systems and the dominion of one process over the other depends on the 
water/[Emim][OAc] mole ratio, presence and absence of heat and the type of starch. This 
study also finds that at room temperature, the water/[Emim][OAc] mole ratio of 7.2/1 
mol/mol is effective in the disruption of the crystalline structures of low amylose content 
maize starches (WMS and RMS). Though gelatinization is not immediate as in DSC due to 
unavailability of heat, gelatinization of starch still occurred at very low temperatures.  It can 
also be seen that both water and [Emim][OAc] are co-agents in the gelatinization of maize 
starches at both room temperature and thermal treatment. At room temperature, the 
occurrence of dissolution is impossible even with the use of 7.2/1 mol/mol 
water/[Emim][OAc] ratio. However, in all maize starches, when starch-water-[Emim][OAc] 
system is subjected to heat, gelatinization is noted to be the phase transition method in water-
[Emim][OAc] systems with ≥10.8/1 mol/mol water/[Emim][OAc] for all maize starches. In 
contrast, dissolution is the phase transition method in water-[Emim][OAc] systems with < 
7.2/1 mol/mol water/[Emim][OAc] for all maize starches. When a mole ratio of 7.2/1 
mol/mol water/[Emim][OAc] is used, it is found that both gelatinization and dissolution play 
a synergistic role in the phase transition of maize starches. However, the domineering effect 
of one process over the other depends on the type of starch. At room temperature, some 
chemical interaction occurs between the starch and [Emim][OAc], particularly WMS and 
RMS as confirmed by FTIR. 
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CHAPTER 4 
Role of the 7.2/1 mol/mol water/[Emim][OAc] in the room 
temperature gelatinization of low amylose maize starches  
4.1  Introduction  
Although starch molecules are exceedingly hydroxylated and very hydrophilic, their granules 
are highly insoluble in water at normal room temperatures due to their semi-crystalline 
granular structure, a restriction to the versatility of starch in industries. Gelatinization is a 
well known phenomenon involving the disaggregation of starch granules and disruption of 
starch crystallinity within an aqueous environment at a suitable temperature.  Gelatinization 
of starch occurs over a temperature range believed to be a characteristic of the starch and 
solvent combination (Ratnayake & Jackson, 2009). Thermal treatment of starch in water at 
50-70 ⁰C is the common practice in gelatinization and depending on the type of starch and its 
botanical origin, water swells the starch granules with the formation of a more or less 
homogeneous gel. It has been proven that the formation of a gel can only occur if amylose is 
first leached out of the starch granules and that the amylopectin is the predominant gel 
forming component of the starch (Lindqvist, 1979).  
Starch gelatinization is reported to be greatly influenced by factors such as temperature of 
heating, time of storage, water content, surfactants, lipids and type of starch (Lund & Lorenz, 
1984). Alkaline, acidic and neutral salts are also known for their swelling and gelatinizing 
abilities.  DSC is mostly used to study the influence of salts on starch gelatinization. 
Sandstedt, Kempf & Abbott (1960) reported that sulphate (SO4
2-
) and phosphate   (PO4
2-
) 
salts increased the gelatinization temperature of wheat starch whereas iodide (I
-
) and 
thiocyanate (SCN
-
) ions lowered it. Although there is much controversy on the effect of salts 
in the literature, many studies have established that the salts’ nature and concentration are the 
causes of the effect, and as a result the salts can either elevate or depress the temperature and 
enthalpy of gelatinization. The effect of neutral salts on starch gelatinization is believed to be 
in accordance with the Hofmeister (lyotropic) series. Tp and ∆H for anions (coupled with a 
constant cation such as Na
+
, K
+
, etc) decrease in the order SO4
2-
 > CH3COO
-
 > Cl
-
 > Br
 -
 > 
NO3
-
 > ClO4
- 
> I
-
 > SCN
-
. For cations (attached to the stated anions), Tp decrease in the order 
Al
3+
 > Mg
2+ 
> Ca
2+
 > Li
+
 > Na
+
 > K
+
 > Cs
+
 (Jane, 1993; Ahmad & Williams, 1999). Salts in 
the upper end of the Hofmeister lyotropic series such as sodium sulphate, Na2SO4, 
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substantially increases gelatinization temperature (Evans & Haisman, 1982) and are called 
gelatinization inhibitors (Villwock & BeMiller, 2005). Magnesium sulphate (MgSO4) is 
reported to inhibit gelatinization at 115 ⁰C.  Salts in the lower end of the lyotropic series such 
as sodium iodide (NaI), calcium chloride (CaCl2), lithium chloride (LiCl), sodium 
thiocyanate (NaSCN) decrease the gelatinization temperature and even gelatinizes at room 
temperature with low concentrations. With sodium chloride (NaCl) (middle of the lyotropic 
series), a low concentration elevates the gelatinization temperature whereas a higher 
concentration lowers it (Sandstedt, Kempf & Abbott, 1960; Jane, 1993; Ahmad & Williams, 
1999). An interesting observation reported by Rumpold  & Knorr (2005) and Jane (1993) is 
the similarity in the pattern of effect of the salts on starch gelatinization irrespective of the 
gelatinization procedure. Rumpold  & Knorr (2005) used pressure induced gelatinization in 
their study whereas Jane (1993) used thermal gelatinization via a DSC. Both procedures 
found the effect of salts to correspond to lyotropic or Hofmeister series.  
Several theories have been suggested to explain the effect of salts on starch but the 
underlying mechanisms are still not fully understood. Sandstedt Wootton & Bamunuarachchi 
(1980); Lii & Lee (1993) and Chinachoti, Steinberg & Villota (1990) expressed that salt 
effects were not only due to salt-water interactions but also salt-starch interactions. Braudo 
(1985) studied the complexation of salts with glucans and concluded that glucans cannot 
remove water molecules from the first coordination sphere of the cation. On the other hand, 
Oosten (1982) proposed that salts interactions with starch were based on the Donnan 
potential created by the weak dissociation of starch hydroxyl groups. The proposed 
hypothesis was formed based on the following claims: a) starch is a weak acid ion exchange 
material; b) cations tend to protect and stabilize the granule structure; c) anions are the 
gelatinizing agents by rupturing hydrogen bonds. According to Gough and Pybus (1973), the 
ability of salts to influence starch gelatinization temperature depends on their effect on water 
structure. Strongly hydrated ions like fluoride ions increase the structural order of water 
which ultimately decreases its ability to gelatinize starch. On the other hand, weakly hydrated 
ions like iodide ions break the structural order of water, interact with starch and facilitate 
gelatinization. Chloride ions only have small effects on water structure. Jane (1993) explored 
the mechanism of starch gelatinization in neutral salt solutions. This author reported the 
process of gelatinization in neutral salts to be affected by two factors: i) by water structure-
making and water-structure breaking effects of ions; ii) by electrostatic interactions between 
the salts and hydroxyl groups of starches. 
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Common gelatinization procedures occur in starch dispersions that are heated in water. 
However, starches can also gelatinize at room temperatures in some special media such as 
electrolytes, alkali such as sodium hydroxide (NaOH), urea and DMSO solutions (Jane, 1993; 
Suzuki & Juliano, 1975; Hebeish, El-Thalouth, El-Thalouth, 1981; Shon, Lim & Yoo, 2005). 
These facts verify that additional thermal energy is not a prerequisite for gelatinization, but 
that it might be driven by the chemical effect of the added chemical on the destruction of the 
hydrogen bonds between starch chains and between water molecules. 
 Different solvent systems such as sodium hydroxide-water (Builders et al., 2010; Chang et 
al., 2010; Wang, Chang & Zhang, 2010), N-methylmorpholine-N-oxide momohydrate 
(NMMO) (Nechwatal, Michels, Kosan & Nicolai, 2004; Wendler et al., 2010, 2011), urea 
(Cai & Zhang, 2006; Zhou, Chang, Zhang & Zhang, 2007) and zinc oxide (Liu, Budtova & 
Navard, 2011)  have been explored in the blending of polysaccharides (mainly cellulose with 
starch). All these solvents have certain advantages and disadvantages. NaOH-water system’s 
usefulness is reduced by the limited amount of cellulose that it can dissolve (7-8 % wt) (Egal, 
Budtova & Navard, 2007; Egal, Budtova & Navard, 2008) and its vulnerability to gelation 
(Roy, Budtova & Navard, 2003). Urea and zinc improved solution stability but also failed to 
dissolve more cellulose (Egal, Budtova & Budtova, 2008; Liu et al., 2011). NMMO, on the 
other hand, on an industrial level is hard to operate due to specific temperature requirements 
and reaction by-products (Liu & Budtova, 2013). The imidazolium based ionic liquids, are 
reported to be more efficient solvents for polysaccharides than NaOH-water system, 
dissolving more cellulose (20 % wt) and are reckoned to be better starting materials for 
fibres, films and aerogels (Kosan, Michels & Meister, 2008; Liu & Budtova, 2013; Remsing, 
Swatloski, Rogers & Moyna, 2006; Cai, Zhang, Guo). Recently, the dissolving and 
plasticizing ability of imidazolium based ionic liquids on starch, particularly, [Emim][OAc]  
(Wilpiszewska & Spychaj, 2011; Liu & Budtova, 2013; Mateyawa et al., 2013) has been 
recognized. The two previous chapters of this project reported the novel characteristics of 
[Emim][OAc] as a potential gelatinizing agent of maize starches with different 
amylose/amylopectin ratios. The seven mole ratios of water/[Emim][OAc] mainly 
investigated in this study were: 1/0 (pure water), 96.0/1, 25.0/1, 10.8/1, 7.2/1, 2.8/1, 0.1/1, 
however, as the study proceeded for in depth understanding, only a few of the seven mole 
ratios were used. The studies implemented in Chapters 2 and 3 have identified the 7.2/1 
mol/mol water/[Emim][OAc] to possess some unusual properties towards gelatinization and 
dissolution of starch at very low temperatures under the influence of heat (Chapter 2). 
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Meanwhile, without heat (at normal room temperature), the same mole ratio was found to 
trigger gelatinization which was confirmed and substantiated by various techniques outlined 
in Chapter 3. This chapter aims to find some answers to the causes of this unusual 
observation using suitable plasticizers with similar structural moieties to [Emim][OAc] to 
define the “influence” of the co-ions [Emim]+ and [OAc]- on the structure by replacing them 
and noting the difference in effect defined by different ion structures. In this regard the ionic 
liquid, 1-ethyl-3-methylimidazolium ethyl sulfate, [Emim][EtSO4] (shown below) and acetic 
acid (CH3COOH) were used.  
 
An interesting observation noted in Chapter 2 was the increase in pH of the 
water/[Emim][OAc] solutions as water/[Emim][OAc] mole ratios decreased from 96.0/1 to 
0.1/1 mol/mol, and the pH of 8.58 by the 7.2/1 mol/mol water/[Emim][OAc] that caused 
gelatinization at room temperature. This observation prompted the assumption that the 
basicity of the plasticizer might have been the instigating factor for room temperature starch 
gelatinization. Surprisingly, the experiment revealed no room temperature gelatinization with 
water/[Emim][OAc] solutions of mole ratios 2.8/1 and 0.1/1 mol/mol having pH ≥ 8.58. As a 
result, a plasticizer having similar basicity with similar reported effects on starch 
gelatinization was selected, hence the introduction of urea [CO(NH2)2] for more in-depth 
understanding.  However, it would also be sensible to verify the negative effect of the higher 
pHs displayed by the water/[Emim][OAc] mole ratios of 2.8/1 and 0.1/1 mol/mol, hence, the 
choice of the strong base sodium hydroxide (NaOH).  Supposedly by the end of this chapter, 
an in-depth information on the role of the 7.2/1 mol/mol water/[Emim][OAc] in the room 
temperature gelatinization of maize starches will be achieved for future applications in 
prospective projects.   
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4.2  Experimental Procedure 
4.2.1  Materials 
Four varieties of commercially available maize starches were used in this work: waxy maize 
starch (Mazaca 3401X) (WMS), regular maize starch (Avon Maize Starch) (RMS), Gelose 50 
(G50), and Gelose 80 (G80).  RMS was supplied by New Zealand Starch Ltd. (Onehunga, 
Auckland, New Zealand) and the other three starches were supplied by National Starch Pty 
Ltd. (Lane Cove NSW 2066, Australia).  All starches were chemically unmodified and the 
amylose contents for these four types of starches were 3.4%, 24.4%, 56.3% and 82.9%, 
respectively, as measured by Tan et al (2007) using the iodine colorimetric method.  The 
original moisture contents of the four starches were 12.4%, 14.1%, 13.6%, and 14.4%, 
respectively (Mateyawa et al., 2013).  Deionized water was used in all instances.  Chemicals 
used in this study that were purchased from Sigma-Aldrich were as follows: the ionic liquid, 
1-ethyl-3-methylimidazolium ethyl sulphate ([Emim][EtSO4]) with a purity of  ≥ 95% was 
produced by BASF, glacial acetic acid (CH3COOH), anhydrous sodium hydroxide (NaOH) 
and powdered urea CO(NH2)2. [Emim][EtSO4] and glacial CH3COOH were used as received 
without further purification but the purity was considered in mole ratio calculations.  The 
mole ratios of water/[Emim][EtSO4] and water/CH3COOH, used in this experiment were 1/0 
(pure water), 25.0/1, 7.2/1 and 0.1/1 mol/mol. With water/NaOH and water/CO(NH2)2 the 
mole ratios used in this experiment were 96.0/1, 25.0/1, 10.8/1 and 7.2/1 mol/mol.  
 
4.2.2  Photography and visual inspection/comparison 
 
Seven 50 ml, screw-capped, clear vials were prepared. Dry starch (0.5 g) was weighed and 
transferred into each vial. Over the starch, the water-[Emim][OAc] mixture (2.5 g) was 
added. The mixture was stirred well by hand with a glass rod having a flattened knob or right-
angled end to facilitate mixing from bottom to top to evenly disperse the solids. Each vial 
was capped and allowed to stand undisturbed at room temperature for two hours. A Nikkon 
Coolpix S9100 camera was used to take pictures of the vials with the mixtures every half 
hour. 
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4.2.3  Microscopy 
 
An Olympus BX 61 microscope was used in this part of the experiment. The magnification 
used was  400 (40 10). Both normal and polarized light were used to obtain microscopic 
images of the prepared starch samples. A 0.5 % starch suspension was prepared in a glass 
vial. A small drop of starch suspension was transferred by a microsyringe onto a glass slide 
which was then covered by another glass slide. Silicon adhesive was used to seal the starch 
suspension between the two glass slides to avoid evaporation during observation. Microscope 
images were taken every ten minutes for two hours. 
4.2.4  FT-Raman Measurements 
 
FT-Raman spectra were acquired using a Nicolet 870 spectrometer with the Raman module 
32B (Madison, WI) and Nd: YAG laser operating at 1064 nm at a maximum power of 3 W. 
The system was equipped with an InGaAs (indium-gallium arsenide) detector, an XT-KBr 
beam splitter with 180⁰ reflective optics, and a fully motorized sample position adjustment 
feature. A laser output power of 1.75 W was used as required to provide a high signal to noise 
ratio. Data were collected at 16 cm
-1
 resolution with 256 scans to minimize thermal damages 
in lens due the laser. Spectra were obtained in the Raman shift range between 400 and 4000 
cm
-1
. The system was operated with the OMNIC 5.1 (ThermoNicolet Analytical Instruments, 
Madison, WI) software and each measurement was replicated twice. Because starch gels are 
not thermodynamically stable, they undergo time-dependent changes such as syneresis. 
(Syneresis is defined as the partial expulsion of the soluble phase from the gel). To avoid or 
at least minimize the syneresis effect in our analyses, gel measurements were made in the 
order of preparation and spectra collected within 20 min.  
4.2.5  pH 
 
All pH values are shown for samples at room temperature. For measuring the pH value of 
water/[Emim][OAc] mixture with starch, the waxy maize starch was used as an example. In 
this case, pH measurements were carried out according to the method ISI 26-5e of 
International Starch Institute. 
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4.3  Results 
 
4.3.1 Effect of the anion [EtSO4]
-
 on gelatinization of maize starches 
at room temperature using various water/[Emim][EtSO4] mole 
ratios 
 
Figure 4.1 displays the optical camera photographs of WMS, RMS, G50 and G80 (from top 
to bottom) in four mole ratios of water/[Emim][EtSO4] at a room temperature of 26 ⁰C after  
2 h. Figure 4.1 shows that water/[Emim][EtSO4] mole ratios of 1/0 (pure water), 25.0/1, and 
7.2/1 mol/mol formed two distinct phases or layers due to settling and sedimentation of starch 
with all the four maize starch varieties. A thick homogeneous mixture was formed in vial 4 
that used a water/[Emim][EtSO4] mole ratio of 0.1/1 mol/mol for all the maize starches. The 
optical camera photographs of Figure 4.1 showed no signs of gelatinization, indicated by the 
absence of a gel for all water/[Emim][EtSO4] mole ratios. To confirm whether gelatinization 
had transpired in the suspensions or thick homogeneous mixture, microscope images (normal 
light and polarized light images) of the four maize starches in the same water/[Emim][EtSO4] 
mole ratios were taken every 10 min for 2 h. However, since no obvious changes were 
observed in the granular and crystalline structures of the maize starches over the entire 2 h, 
corresponding micrographs displayed for discussion were taken hourly as shown in Figures 
4.2 to 4.9. 
Microscope images of Figures 4.2 to 4.9 substantiate observations from photography in 
revealing no evidence of any granular structure or crystalline disruption for the whole 
duration of the study. Normal light images show the existence of granular structures in the 
entire 2 h which is confirmed by the presence of Maltese crosses or birefringence in the 
polarized light images. It can be seen from all the stated evidences that though the mole ratios 
of water/[Emim][EtSO4] used in this study were equivalent to mole ratios of 
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Figure 4.1  Photographs of WMS, RMS, G50, G80 (top to bottom) in various water-[Emim][EtSO4] mixtures at 0 to 2 h. The 
water/[Emim][EtSO4] mole ratios were: 1/0 (pure water), 25.0/1, 7.2/1, 0.1/1 from vial 1 to vial 4 (left to right).  
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Figure 4.2 Microscope images of WMS in water/[Emim][EtSO4] mole ratios of 1/0 (pure water) and 25.0/1 mol/mol at 0 to 2 h. 
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Figure 4.3 Microscope images of WMS in water/[Emim][EtSO4] mole ratios of 7.2/1 and 0.1/1 mol/mol at 0 to 2 h. 
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Figure 4.4 Microscope images of RMS in water/[Emim][EtSO4] mole ratios of 1/0 (pure water) and 25.0/1 mol/mol at 0 to 2 h. 
 
 
129 
 
t 7.2/1 0.1/1 
RMS Normal light RMS Polarized light RMS Normal light RMS Polarized light 
0 
    
1 
    
2 
    
 
Figure 4.5 Microscope images of RMS in water/[Emim][EtSO4] mole ratios of 7.2/1 and 0.1/1 mol/mol at 0 to 2 h. 
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Figure 4.6 Microscope images of G50 in water/[Emim][EtSO4] mole ratios of 1/0 (pure water) and 25.0/1 mol/mol at 0 to 2 h. 
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Figure 4.7 Microscope images of G50 in water/[Emim][EtSO4] mole ratios of 7.2/1 and 0.1/1 mol/mol at 0 to 2 h. 
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Figure 4.8 Microscope images of G80 in water/[Emim][EtSO4] mole ratios of 1/0 (pure water) and 25.0/1 mol/mol at 0 to 2 h. 
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t 7.2/1 0.1/1 
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Figure 4.9 Microscope images of G80 in water/[Emim][EtSO4] mole ratios of 7.2/1 and 0.1/1 mol/mol at 0 to 2 h.
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water/[Emim][OAc] in the prior studies, the change in anion in the ionic liquid (from acetate  
to EtSO4
-
) affects the impact of [Emim]
+
 as a gelatinizing agent at room temperature.  
The interactions of water and room temperature ionic liquids have been reported in the 
literature (Kohno & Ohno, 2012). Water present in room temperature ionic liquids influences 
the ionic liquids’ polarity, viscosity and conductivity. Room temperature ionic liquids have 
mainly been used in the dissolution of cellulose and lignin and past studies have confirmed 
that imidazolium based room temperature ionic liquids with chlorides, acetate and alkyl 
phosphate anions are effective non-derivatizing solvents (no covalent interactions between 
the solvent and the solute) (Heinze et al., 2005; Remsing et al., 2006; Moulthrop et al., 2005). 
Consequently, in most non-derivatizing solvents, the ionic liquids behave either as solvents or 
catalysts and the anions are highly influential in the fragmentation of cellulose, whilst the 
cation has little effect. It has also been reported that anions are responsible for the interaction 
between room temperature ionic liquids with water (Cammarata, Kazarian, Salter & Welton, 
2001; Wang, Li & Han, 2006; Zhang, Xu, Wang & Li, 2008).  
The dissolution study of carbohydrates other than cellulose in ionic liquids is limited (El 
Seoud et al., 2007; Rosatella, Branco & Afonso, 2009). The question of the most effective 
ionic liquid as a starch solvent remains to be answered but the lower solubility of starch than 
cellulose and lignin is well documented (Wilpiszewska & Spychaj, 2011). As in cellulose, 
interestingly this study also finds the anion of the imidazolium ionic liquid to be the 
determining factor for whether starch gelatinization occurs or not. In the previous two 
chapters, the water/[Emim][OAc] solution at a mole ratio of 7.2/1 mol/mol caused starch 
gelatinization at room temperature. Altering the anion to [Emim][EtSO4] inhibits the process 
of gelatinization, as evidenced by visual analysis of optical camera photographs and 
microscopy of this section. According to Olivier-Bourbigou et al (2010) the side chains on 
the imidazolium cations have strong influence on ionic liquid toxicity but the effects of 
anions are generally more complicated. The significant role of the anion in imidazolium 
based ionic liquids was also witnessed in a recent study by Sciarini et al (2014). In their 
study, two acetate based ionic liquids, [Emim][OAc] and cholinium acetate (CholAc) were 
compared for their effects on starch destructuration using water-ionic liquid mixtures. The 
DSC results obtained from the two ionic liquids were very similar. In both cases when the 
ionic liquid concentrations were low, the starch got gelatinized, represented by an 
endothermic transition. With increasing concentrations of the ionic liquids, gelatinization 
temperatures increased and there was a particular concentration (depending on the ionic 
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liquid used) at which starch underwent two processes, witnessed by the formation of an 
overlapped exothermic and endothermic peak. Continual increase of the concentrations of the 
ionic liquids reversed the trend previously encountered, with the new peak formed at a higher 
temperature than the previous, however the peak is solely exothermic instead of both. The 
similarity in the results portrayed by the two acetate based ionic liquids may be due to the 
presence of the identical anions which seems to affirm the claims reported in previous studies 
that the anion does affect the performance of the ionic liquid. Hence this experiment confirms 
that the anion CH3COO
- 
plays a major role in the gelatinization of low amylose maize 
starches by the 7.2/1 mol/mol water/[Emim][OAc] mole ratio at room temperature.  
 
4.3.2 Influence of CH3COOH on gelatinization of maize starches at room 
temperature using various water/CH3COOH mole ratios 
 
Figure 4.10 shows the visual photographs of WMS, RMS, G50 and G80 (from top to bottom) 
in water/CH3COOH mole ratios of 1/0 (pure water), 25.0/1, 7.2/1 and 0.1/1 mol/mol after 
every  0.5 h for 2 h at room temperature of 26 ⁰C. Similar to results obtained earlier for 
water/[Emim][EtSO4] with the maize starches, all the water/CH3COOH mole ratios (1/0 (pure 
water), 25.0/1, and 7.2/1 mol/mol) used for dispersing the maize formed two distinct phases 
or layers due to settling and sedimentation of starch. No signs of gelation or gelatinization are 
shown in any of the vials as time progressed from 0 to 2 h.  To confirm whether 
gelatinization developed in any of the suspensions, normal light and polarized light images of 
the four maize starches in the various water/CH3COOH mole ratios were taken every hour for 
2 h. 
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Figure 4.10   Photographs of WMS, RMS, G50, G80 (top to bottom) in various water-CH3COOH acid mixtures at 0 to 2 h. 
                          The water/CH3COOH mole ratios were: 1/0 (pure water), 25.0/1, 7.2/1, 0.1/1 from vial 1 to vial 4 (left to right).
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Figures 4.11 to 4.14 shows the microscope images of maize starches dispersed in the four 
water/CH3COOH mole ratios. All normal light photographs, irrespective of mole ratio and 
type of maize starch, do not show any evidence of swelling with the various mole ratios of 
water/CH3COOH and when viewed under polarized light microscope, no signs of 
crystallinity disruption or loss of birefringence is shown. Both normal light and polarized 
light images confirm the existence of granular structures and existence of birefringence in the 
entire   2 h, which establishes that acetic acid, (CH3COOH), cannot gelatinize maize starches 
at room temperature though equivalent mole ratios to water/[Emim][OAc] were used.  
Many reactions of starch with acids involve heat due to the very complex macromolecular 
structure of starch which is difficult to solubilize at normal temperature. Acetic acid is a weak 
acid and obviously would be a poor gelatinization agent for starch at normal temperature as 
seen in the above results. Ohishi, Kasai, Shimada & Hatae (2007) reported that the swelling 
power and solubility indexes of starch pastes with and without acetic acid increase with 
increase in heating temperature from 60 ⁰C and with the swelling behaviour of starch mainly 
due the swelling of amylopectin (Tsai, Li & Lii, 1997). Starches can be esterified with an 
acid, however, according to Khalil, Hashem & Hebeish (1995), the esterification of starch 
also depends on the heating temperature. Starch acetates, which are very useful industrially, 
are known to be formed by the action of acetic acid on starch with acetyl content of starch 
acetate elevated with an increase in the heating temperature. The temperature at which 
acetylation is optimum as evidenced by the highest acetyl content is at 50 to 70 ⁰C.  Starch 
acetates are observed to have a lower tendency of forming gels than unmodified starch.  
On the other hand, the presence of appreciable amounts of acids in starch can depolymerize 
long chains of starch molecules into shorter ones under heat (Stevenson et al., 2007; 
Myllymaki & Aksela, 2005; Karkainen, Lappalainen, Joensuu & Lajunen, 2011). Ionic 
liquids containing Cl
-
 ions can destroy the crystallinity of native starch (Xie, Shao & Liu, 
2010) and disrupt hydrogen bonding between hydroxyl groups of polysaccharides 
(Stevenson, Biswas, Jane & Inglett, 2007). Apart from crystallinity destruction, the chloride 
ions containing ionic liquids have also been found to affect the molecular weight of the 
starch. Several studies employing the ionic liquid 1-butyl-3-methylimidazolium chloride 
([Bmim]Cl) have reported this.  Stevenson et al (2007) observed a significant molecular 
weight decrease in the amylopectin of corn starch when dispersed and heated in [Bmim]Cl. 
Myllamaki & Akseta (2005) reported that [Bmim]Cl can selectively depolymerize the 
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amylose and amylopectin of barley starch by adjusting parameters such as temperature and 
stirring time. Karkkainen, Lappalainen, Joensusu & Lajunen (2011) also heat-dispersed 
starches of various botanical origins (wheat, barley, potato, rice, corn and waxy corn) in 
[Bmim]Cl and noticed molecular weight of starch polymers decreasing with increasing time 
and temperature. Both Stevenson et al (2007) and Karkkainen, Lappalainen, Joensusu & 
Lajunen (2011) argued that the concentration of Cl
- 
which leads to the formation of corrosive 
HCl, influences the amylopectin and amylose degradation of cereal starches. In light of the 
above information, water can effectively react with acetate ions of [Emim][OAc] to form 
acetic acid and hydroxyl ions (OH
-
). However, acetic acid cannot degrade starch 
polysaccharides under normal room temperature which is confirmed by the results of this 
experiment but with high temperature, degradation is possible as reported by Sciarini et al 
(2014). 
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Figure 4.11 Microscope images of WMS in water/CH3COOH mole ratios of 25.0/1, 7.2/1 and 0.1/1 mol/mol at 0 to 2 h. 
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Figure 4.12 Microscope images of RMS in water/CH3COOH mole ratios of 25.0/1, 7.2/1 and 0.1/1 mol/mol at 0 to 2 h. 
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Figure 4.13 Microscope images of G50 in water/CH3COOH mole ratios of 25.0/1, 7.2/1 and 0.1/1 mol/mol at 0 to 2 h. 
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Figure 4.14 Microscope images of G80 in water/CH3COOH mole ratios of 25.0/1, 7.2/1 and 0.1/1 mol/mol at 0 to 2 h.
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4.3.3 Influence of water/NaOH mole ratios on starch gelatinization 
at room temperature  
Shown in Figure 4.15 are the optical camera photographs of vials with WMS, RMS, G50 and 
G80 (from top to bottom) dispersed in various water/NaOH mole ratios at every 0.5 h for 2 h. 
The mole ratios of water/NaOH in each vial (from left to right) were: 96.0/1, 25.0/1, 10.8/1, 
7.2/1 and 2.8/1 mol/mol. The vials were arranged in a descending order of water content with 
the most water in the furthest left (vial 1) while vial with the least water in the furthest right     
(vial 5). It is apparent from visual analysis of the photographs of Figure 4.15 that all the 
starches, irrespective of type, in all water/NaOH mole ratios used gelatinized as evidenced by 
the formation of a thick gel in each vial. Gels in each vial appeared instantly, soon after 
addition of the water/NaOH onto the native starch. To confirm whether gelatinization 
transpired in the formed gels, microscope images of the maize starches dispersed in the same 
water/NaOH mole ratios were taken under normal and polarized light every 10 min for 2 h 
under room temperature. Micrographs shown in Figures 4.16 to 4.22 represent obvious rapid 
changes in the first 30 min only since no further changes were observed in the latter 1.5 h.  
Microscope images of Figures 4.16 to 4.22 are differentiated as follows: Figures 4.16, 4.18 
and 4.20 represent microscope images of WMS, RMS and G50 in water/NaOH mole ratios of 
96.0/1 mol/mol and 25.0/1 mol/mol. Figures 4.17, 4.19 and 4.21 show the microscope images 
of WMS, RMS and G50 in water/NaOH mole ratios of 10.8/1 and 7.2/1 mol/mol. Figure 4.22 
shows the microscope images of G80 in water/NaOH mole ratios of 96.0/1 and 7.2/1 
mol/mol. The behaviour of starch granules in water/NaOH mole ratios was somewhat 
different from the observations noted for water/[Emim][EtSO4] and water/CH3COOH. It is 
obvious from Figures 4.16 to 4.22 that irrespective of the type of starch, all water/NaOH 
mole ratios used promoted an immediate and rapid disruption of birefringence. It is also 
interesting to note that the extent of swelling in the various type of starches varied in 
water/NaOH solutions as shown by the different shapes, sizes and appearances of the granule 
remnants formed during swelling. From normal light micrographs of Figure 4.16 to 4.22, 
WMS seemed to undergo the highest degree of swelling due to the almost lost granular 
structure observed in Figures 4.16 to 4.17. RMS also rapidly swelled in water/NaOH but their 
granule remnants were distinguishable, slightly bigger and less structured (Figures 4.18 to 
4.19). However, with G50 and G80, their granules seem to be the least swelled as their  
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Figure 4.15  Photographs of WMS, RMS, G50, G80 (top to bottom) in various water/NaOH mole ratios.                                                         
The water/NaOH     mole ratios      were: 96.0/1, 25.0/1, 10.8/1, 7.2/1, 2.8/1 from vial 1 to vial 5 (left to right).  
                 0 h    0.5 h           1.0 h       1.5 h              2.0 h 
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Figure 4.16 Microscope images of WMS in water/NaOH mole ratios of 96.0/1 and 25.0/1 mol/mol after the first 30 minutes. 
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Figure 4.17 Microscope images of WMS in water/NaOH mole ratios of 10.8/1 and 7.2/1 mol/mol after the first 30 minutes. 
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Figure 4.18 Microscope images of RMS in water/NaOH mole ratios of 96.0/1 and 25.0/1 mol/mol after the first 30 minutes. 
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Figure 4.19 Microscope images of RMS in water/NaOH mole ratios of 10.8/1 and 7.2/1 mol/mol after the first 30 minutes. 
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Figure 4.20 Microscope images of G50 in water/NaOH mole ratios of 96.0/1 and 25.0/1 mol/mol after the first 30 minutes. 
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Figure 4.21 Microscope images of G50 in water/NaOH mole ratios of 10.8/1 and 7.2/1 mol/mol after the first 30 minutes. 
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Figure 4.22 Microscope images of G80 in water/NaOH mole ratios of 96.0/1 and 7.2/1 mol/mol after the first 30 minutes.
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respective micrographs showed bigger and more distinct granular remnants (Figures 4.21 to 
4.22). The observations just mentioned seem to be in accordance with the theory of Debet & 
Gidley (2006) in that there are three classes of granule swelling behaviour: (i) rapid swelling 
- e.g., in waxy maize (ii) slow swelling that can be converted to rapid swelling by extraction 
of surface proteins and lipids – e.g., in regular maize, and (iii) limited swelling which is not 
affected by protein/lipid extraction – e.g., in high amylose maize). However, the above theory 
was derived based on the thermal treatment of starch with water using the RVA. Though the 
swelling behaviours observed in this study and their study are very similar due to the similar 
varieties of starches used, the peculiar effect displayed by NaOH on the starches without the 
use of heat, demonstrates that gelatinization at room temperature is dictated by the solvent 
type and probably few other attributes which will be considered in the next few sections. 
However, at this stage, an obvious difference between water used in Debet and Gidley’s 
study and NaOH in our study is the alkalinity or pH of the two solvents. Water is neutral 
while NaOH is very basic, therefore it may be very likely that the alkalinity of NaOH boosted 
its ability to gelatinize maize starches at room temperature.  Nevertheless, according to 
Ragheb, El-Thalouth & Tawfik (1995) immediate gelatinization of starch in water/NaOH 
solutions suggests that the presence of NaOH increases the affinity of starch granules to water 
which consequently swells starch very rapidly that results in significant increment of granules 
size (Ragheb, El-Thalouth & Tawfik, 1995).  
Another interesting point also observed in the usage of water/NaOH solutions, is the very low 
concentration required to gelatinize starch at room temperature. According to our experiment, 
the minimum concentration needed was 96.0/1 mol/mol water/NaOH (a solution with about 
98% water and 2% NaOH). Marques, Perego, Le Meins, Borsali & Soldi (2006) also 
mentioned similar effects but related the cause to the pH of the resulting solution. According 
to these authors, a pH of 10-11 is adequate to cause specific interactions between the cations 
of the alkali and the hydroxylates in the amylose and amylopectin backbones. This 
assumption seems to be true in relation to the pH of the least concentrated NaOH solution 
obtained in our experiment (pH of about 13) shown in Table 4.1 A probable explanation for 
the observed phenomena could also be based on the ‘salting out’ or ‘salting in’ effect of 
sodium chloride (NaCl) and other salts. However, this explanation does not to explain the 
effect of the very low concentration of the alkali as concentrations of salts in the literature 
were fairly high (Jane, 1993; Ahmad & Williams, 1999). 
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4.3.4 Influence of water/urea mole ratios on starch gelatinization at room 
temperature  
The visual effect of mole ratios of water/urea using an optical camera is shown in Figure 
4.23. The four maize starches WMS, RMS, G50 and G80 in water/urea mole ratios of 96.0/1, 
25.0/1, 10.8/1 and 7.2/1 mol/mol were investigated in this part of the experiment. The mole 
ratios of water/urea in each vial (from left to right) were: 96.0/1, 25.0/1, 10.8/1 and 7.2/1 
mol/mol. From visual analysis of the photographs of Figure 4.23, it is apparent that as time 
progressed from 0 to 2 h, WMS, RMS and G50 were affected by the added 7.2/1 mol/mol 
water/urea, which is evidenced by the development of a clear gel in WMS and RMS and a 
white homogeneous mixture in G50. Some physical changes were also noted within the 2 h 
time range in vials 3 of WMS and RMS using the 10.8/1 mol/mol, however, exclusive 
information from visual observations of optical camera photos was not enough to make 
judgements on whether the solution is a gel or not. No signs of swelling or gel formation 
were noted in the vials of G80 over the entire 2 h.  
To confirm whether gelatinization transpired during the physical changes noted above, 
microscope images of the maize starches dispersed in the same water/urea mole ratios were 
taken every 10 min for 2 h under room temperature using normal and polarized light. 
However, in Figures 4.24 to 4.31 only four water/urea mole ratios were reported based on the 
above information and interest on the effect of water/urea mole ratios of 96.0/1, 10.8/1 and 
7.2/1 and 2.8/1 mol/mol. Also, Figures 4.24 to 4.31 represent the obvious changes only at 
times 0 h, 1 h and 2 h. Similar to results obtained from normal camera photos mentioned 
above, microscopy confirmed the failure of all the used water/urea mole ratios to gelatinize 
G50 and G80 at room temperature as evidenced by the non-swelling of starch granules under 
a normal light microscope and the existence of Maltese crosses under the polarized light 
microscope. With WMS and RMS, the gelatinizing ability of the water/urea was evident in 
higher concentrations (10.8/1, 7.2/1 and 2.8/1 mol/mol) of urea as shown in the polarized 
light micrographs of Figures 4.24 to 4.27. Surprisingly it was noticed that of the three high 
urea concentrations, an instant effect was observed only in the highest water/urea mole ratio 
which was 2.8/1 mol/mol. According to Figures 4.24 to 4.27, complete gelatinization of 
WMS and RMS, evidenced by loss of birefringence and swelling of starch granules occurred 
over a period of 2 h.  
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Figure 4.23  Photographs of  WMS, RMS, G50, G80 (top to bottom) in various water-urea mixtures at 0 to 2 h. The water/urea mole 
ratios were: 96.0/1, 25.0/1, 10.8/1, 7.2/1 from vial 1 to vial 4 (left to right). 
        0 h   0.5 h           1.0 h                 1.5 h                     2.0 h 
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Figure 4.24 Microscope images of WMS in water/urea mole ratios of 96.0/1 and 10.8/1 mol/mol at 0 to 2 h. 
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Figure 4.25 Microscope images of WMS in water/urea mole ratios of 7.2/1 and 2.8/1 mol/mol at 0 to 2 h. 
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Figure 4.26 Microscope images of RMS in water/urea mole ratios of 96.0/1 and 10.8/1 mol/mol at 0 to 2 h. 
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Figure 4.27 Microscope images of RMS in water/urea mole ratios of 7.2/1 and 2.8/1 mol/mol at 0 to 2 h. 
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Figure 4.28 Microscope images of G50 in water/urea mole ratios of 96.0/1 and 10.8/1 mol/mol at 0 to 2 h. 
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Figure 4.29 Microscope images of G50 in water/urea mole ratios of 7.2/1 and 2.8/1 mol/mol at 0 to 2 h. 
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Figure 4.30 Microscope images of G80 in water/urea mole ratios of 96.0/1 and 10.8/1 mol/mol at 0 to 2 h. 
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Figure 4.31 Microscope images of G80 in water/urea mole ratios of 7.2/1 and 2.8/1 mol/mol at 0 to 2 h.
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The remarkable gelatinizing effect and solubilization of starch by aqueous urea at room 
temperature is well known in the literature (Chiou et al., 2005; Hebeish El-Thalouth & El 
Kashouti, 1981; Kuo & Wang, 2006).  A detailed study of the effect of addition of urea on 
starch at room temperature was studied by Hebeish, El-Thalouth & El Kashouti (1981). In 
their work, it was found that the time required for gelatinization, type of gel formed, 
rheological properties and apparent viscosity of starch suspension in urea solutions depended 
upon the concentrations of starch and urea in the suspension. The same authors also 
suggested that the urea starch complex acquires very high affinity for water which causes the 
swelling and gelatinization at room temperature.  
Urea is a well known intermolecular hydrogen bond breaking agent in starch gelation 
(Kamouan, 1988; Mainwaring & Guy, 1994; Kim, Sarathchandra & Mainwaring, 1996; Tako 
& Hizukuri, 2000). A study by McGrane, Mainwaring, Cornell & Rix (2004) reported that 
urea disrupts the intermolecular bonding rather than the intramolecular hydrogen bonding in 
amylose gels and reduces the gel strength by decreasing the intermolecular network 
formation between water and amylose. The same argument that urea is an intermolecular 
hydrogen bond breaking agent was supported by Li, Vasanthan & Bressler, 2012 in their 
study of gelatinizing corn starch in various concentrations of urea using a DSC. This study 
reported a decrease in both the onset gelatinization temperature (To) and enthalpy change 
(∆H) when concentration of urea increased, with the effect reported to be associated with 
hydrogen bond breaking effect of urea prior to thermal treatment in the DSC. Urea partially 
disordered the crystalline structure of starch depending on its concentration prior to DSC 
analysis. 
 
4.4  FT-Raman Spectroscopy 
 
The information gathered from FT-Raman can be used to validate the results obtained from 
optical camera photos and microscopy discussed earlier. Flores-Morales, Jimenez-Estrada & 
Mora-Escobedo (2012) gave a brief overview of the FT-Raman bands of native starches. The 
principal characteristic bands in the FTIR and Raman spectra of native starch are related to 
the vibration modes of the α-1,4-glycosidic linkage and the C-O-C bond in the glucose ring. 
The influence of various concentrations of the ionic liquid [Emim][EtSO4] (1-ethyl-3-methyl 
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imidazolium ethyl sulphate), CH3COOH (acetic acid), NaOH (sodium hydroxide) and 
CO(NH2)2 (urea) were investigated using FT-Raman spectroscopy. With [Emim][EtSO4], the 
effect of changing the anion in the ionic liquid was examined. All the four maize starches 
WMS, RMS, G50 and G80 were used with water/[Emim][EtSO4] mole ratios of  1/0 (pure 
water), 25.0/1, 7.2/1 and 0.1/1 mol/mol.  Figures 4.32 to 4.35 show the FT-Raman spectra of 
WMS, RMS, G50 and G80 in water/[Emim][EtSO4] mole ratios of 1/0 (pure water), 25.0/1, 
7.2/1 and 0.1/1 mol/mol. It is apparent that there is a similar trend for all starches from starch 
in pure water to starch in pure ionic liquid as shown by the close resemblance of their 
respective spectra. With the help of a study by Kizil & Irudayaraj (2006) the characteristic 
peaks of Figures 4.32 to 4.35 were assigned.  
For native starch, generally the characteristics Raman bands are at 3200, 2900, 930, 856 and 
476 cm
-1
 which are associated with amylose and amylopectin. The band at 856 cm
-1
 is usually 
associated with the intense band at 476 cm
-1
 and is attributed to α-glusose ring (C-O-C) 
skeletal mode and C-O-C ring vibration which usually depicts the degree of polymerization 
in polysaccharides (Bulkin, Kwak & Dea, 1987). The band at 1080 cm
-1
 is assigned to a      
C-O-C stretching vibration (Enrico-Pigorsch, 2009). A strong band at 920-960 cm
-1
 is linked 
to the C-O-C of the α-1,4 glycosidic linkages (Tu, Lee & Milanovich, 1979). The band at 
about 1124 cm
-1
 could be associated with the two main vibrational modes,   C-O stretching 
and C-O-H deformation. The band 1340 cm
-1 
is related to C-O-H bending and CH2 twisting 
(Cael, Koenig & Blackwell, 1975). The peak at about 1382 cm
-1
 is related to CH2 scissoring 
and C-H and C-O-H deformation (Cael, Koenig & Blackwell, 1975). A peak also noted at 
about 1448 cm
-1
 is related to CH2 bending. The band at 2800-3000 cm
-1
 is linked to C-H 
stretching while O-H stretching is from 3000-3600 cm
-1
 (Schuster, Ehmoser, Gapes & Lend, 
2000).  
In pure water (Figure 4.32 to Figure 4.35 - top left) the bands observed were mainly of native 
starch. Major carbohydrate bands mentioned above believed to be associated with the 
vibrational state of starch’s monomer glucose units appeared as sharp peaks between 800 and 
1500 cm
-1
 (Vasco, Blackwell & Koenig, 1971; Vasko, Blackwell & Koenig, 1972; Cael, 
Koenig & Blackwell, 1973). The strong Raman band at 476 cm
-1
 was also noted in addition 
to the above mentioned bands. As vibrations of glucose molecules dominate the spectral 
region below 1500 cm
-1
, all starches (irrespective of type), composed of glucose units, are 
known to exhibit very similar characteristics in this region.  
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Figure 4.32 FT-Raman spectra of WMS in water/[Emim][EtSO4] (in mol/mol): 1/0 (pure water) – top left;       
25.0/1– top right; 7.2/1 – bottom left; 0.1/1 – bottom right. 
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Figure 4.33 FT-Raman spectra of RMS in water/[Emim][EtSO4] (in mol/mol): 1/0 (pure water) – top left;       
25.0/1– top right;  7.2/1 – bottom left; 0.1/1 – bottom right.
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Figure 4.34 FT-Raman spectra of G50 in water/[Emim][EtSO4] (in mol/mol): 1/0 (pure water) – top left;          
25.0/1– top right;   7.2/1 – bottom left; 0.1/1 – bottom right.
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Figure 4.35 FT-Raman spectra of G80 in water/[Emim][EtSO4] (in mol/mol): 1/0 (pure water) – top left; 25.0/1– top right;                
7.2/1 – bottom left; 0.1/1 – bottom right.
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The spectral changes caused by gelatinization should be apparent in the O-H stretch (3000-
3600 cm
-1
), C-H stretch (2800-3000 cm
-1
), bending mode of water (1600-1800 cm
-1
) and the 
476 cm
-1 
band. Normally, if gelatinization occurs the most obvious signs would be a decrease 
in the intensities of the 476 cm
-1
 and the 2800 - 3000 cm
-1
 bands, and an intensity increase 
and broadening of the 3000-3600 cm
-1
 band and a formation of the O-H bend at the 1600-
1800 cm
-1 
(Kizil & Irudayaraj, 2006). The absence of the above features, particularly the 
broadening and formation of the O-H stretch and O-H bend indicate that no breaking and 
formation of hydrogen bonding occurred between [Emim][EtSO4] and starch.  The only noted 
change in Figures 4.32 to 4.35 was the disappearance of the 476 cm
-1
 peak that was noted in 
the original spectrum (with pure water). Kizil & Irudayaraj (2006) added that a decrease in 
intensity in the 476 cm
-1 
peak is an indication of gelatinization, however, in addition to the 
476 cm
-1 
peak, the other additional changes stated above should also be present. However, in 
Figures 4.32 to 4.35 (top right, bottom left and bottom right), these additional peaks or 
changes were missing. Hence, it can be deduced that no gelatinization occurred at room 
temperature with water/[Emim][EtSO4] for maize starches which was also substantiated by 
normal camera pictures and microscopy. However, the decrease in intensity of the 476 cm
-1
 
could be due to the interaction of [Emim]
+ 
of the [Emim][EtSO4] with the oxygen of C-O-C 
bond or the hydroxylates. Past studies using [Emim][OAc] have reported that the anion 
[OAc]
-
 is responsible for the dissolution of cellulose and gelatinization of starch during 
thermal treatment (Liu & Budtova, 2013; Remsing et al., 2006). This is due to the high 
basicity of the [OAc]
-
 ion. However, a recent report has also highlighted the significant role 
of the [Emim]
+ 
ion of [Emim][OAc] in cellulose dissolution (Zhang et al., 2010). Hence, with 
[Emim][EtSO4] it could be deduced that it is the effect of the [Emim]
+ 
that prompted the 
change in intensity of the 476 cm
-1
 peak. The [EtSO4]
-
 ion is not very basic like [OAc]
- 
 to 
promote gelatinization, nevertheless, the conclusion that [Emim]
+ 
is responsible for the loss 
of the 476 cm
-1
 peak is also supported by the presence of a strong sharp peak at the 1000 cm
-1
 
band for all starches using water/[Emim][EtSO4] mole ratios of 25.0/1, 7.2/1 and 0.1/1 
mol/mol. No such peak was noted in all spectra using water. The 1000 cm
-1
 peak is due to the   
N-C-N group of the [Emim]
+
 ion (Gunasekaran, Natarajan, Syamala & Rathikha, 2006).  
Strong decrease of the band at 476 cm
-1
 also indicates disarrangement of the starch structure 
at the glucose ring (Labanowska, Weselucha-Birczynska, Kurdziel & Puch, 2013). Fechner, 
Siegfried, Kleinebudde & Reinhard (2005) also claimed that the position of the  476 cm
-1
 
band changes in intensity as a function of the amount of amylose present in the starch.    
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The effect of acetic acid as a gelatinizing agent was also tested using FT-Raman in view of 
the hypothesis raised in Chapter 2 that water can effectively tie up acetate ions of the ionic 
liquid [Emim][OAc] to form acetic acid which  can disrupt the starch hydrogen  bonding 
network and solubilize starch. Figure 4.36 exhibits the FT-Raman spectra of WMS in 1/0 
mol/mol (pure water) (series 1), 25.0/1 mol/mol (series 2) and 7.2/1 mol/mol (series 3) 
water/acetic acid mole ratios. Spectra of RMS, G50 and G80 in water/acetic acid solutions 
are not given as their spectra were a close resemblance of WMS. Using the work of Kizil & 
Irudayaraj (2006) in identifying all the bands, the following peaks were noted: sharp and 
strong carbohydrate peaks between 800 and 1500 cm
-1
, a very strong band signifying 
crystalline starch at 476 cm
-1
, a very strong peak at 2800-3000 cm
-1
 representing a C-H 
stretch; a strong O-H bend at 1600-1800 cm
-1
 and an intense O-H stretch at the 3000-3600 
cm
-1
. If gelatinization had occurred, the most obvious change would be the absence of the 
476 cm
-1 
peak. However, in this case, the 476 cm
-1
 remains but the O-H bend is strong and 
the O-H stretch is broadened. The strong O-H bend and the broadened O-H stretch indicate 
that some breaking and formation of hydrogen bonding occurred, however, it is not dominant 
to induce gelatinization. Acetic acid is a hydrophilic (polar) protic solvent. It has a hydrogen 
atom, H
+ 
(protons) bound to oxygen (as in hydroxyl group) that can be readily donated to 
reagents such as water. However, the amount of H
+ 
that can be produced from the 
dissociation of acetic acid in water will be very small in comparison to the bulk acetic acid.  
Hence a low degree of starch hydrogen bonding will be disrupted by the water/acetic acid 
mixture. However, the slight water-acetic hydrogen bonding can still be detected with FT-
Raman.  
Besides, as highlighted earlier in section 4.3.2, interactions of acids with starches, which 
ultimately end with starch degradation, are predominant only at high temperatures. Also the 
hydrolysis of starch is strongly initiated by strong acids like HCl, and in the literature, the 
effect of HCl on starch degradation was witnessed in the use of the ionic liquid [Bmim]Cl 
(Karkainen, Lappalainen, Joensusu & Lajunen, 2011). Acetic acid is not a strong acid to 
trigger any structural or crystalline changes on starch at room temperature. Hence, with 
substantial information from photography and microscopy previously observed, the result 
displayed by FT-Raman for acetic acid on starch at room temperature is as expected. 
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Figure 4.36 FT-Raman spectra of WMS in water/acetic acid (in mol/mol): 1/0 (pure water) – series 1; 25.0/1– series 2;                               
7.2/1 – series 3. 
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 Sodium hydroxide, an alkali salt, can gelatinize starch at room temperature (Ragheb, El-
Thalouth & Tawfik, 1995; Roberts & Cameron, 2002; Wootton & Ho, 1989). In this part of 
the study, its gelatinizing effect on maize starches was investigated for comparison with the 
effect of the 7.2/1 mol/mol water/[Emim][OAc]. Figures 4.37 to 4.40 show the spectra of the 
four maize starches (WMS, RMS, G50, G80) dispersed in abundant water/sodium hydroxide 
mole ratios of 96.0/1, 25.0/1, 10.8/1, 7.2/1, 2.8/1 mol/mol. Surprisingly, the four maize 
starches displayed very similar responses when dispersed in the various mole ratios of 
water/sodium hydroxide and the characteristic peaks of a gelatinized starch were evident in 
the spectra of all the figures. This result is interesting as even in the lowest amount of NaOH 
(96.0/1 mol/mol water/NaOH), gelation and gelatinization were still detected.  NaOH is well 
known to be a very strong base. At this point, it can be deduced that the strong basicity of 
NaOH would have been the instigating factor of gelatinization. This will be further 
considered in the next section (section 4.5). Assignment of all peaks is based on the work of 
Kizil & Irudayaraj (2006). Characteristic peaks of all spectra in each figure signify the 
formation of a gelatinized starch and the peaks are as follows: weak C-H stretch at 2800-3000 
cm
-1
, broadening of the O-H stretch at 3000-3600 cm
-1
 region, a formed O-H bend at 1600-
1800 cm
-1
 and weak Raman band at 476 cm
-1
. The decrease/broadening and formation of 
some peaks noted, particularly the O-H stretch and O-H bend at 3000-3600 cm
-1
 and 1600-
1800 cm
-1
 in Figures 4.37 to 4.40 signify that NaOH interacted with the starch molecules at 
room temperature and there is a high degree of intermolecular hydrogen bonding between the 
solvent and starch. These results substantiate results obtained from photography and 
microscopy in the last section. Wootton & Ho (1989) discovered alkali gelatinization of 
wheat starch depended on starch and alkali concentration and is faster at higher temperatures 
and higher alkali/starch ratios. This experiment also dispersed maize starches in an excess 
amount of aqueous NaOH and thus is the result. Decreasing the alkali/starch ratio was also 
tried during lab work (though data not given) and was found to fail in relation to gelatinizing 
starch at room temperature. Ragheb, El-Thalouth & Tawfik (1995) discovered that not all 
types of alkaline solutions are able to gelatinize starch and the minimum concentration of 
sodium hydroxide required to immediately gelatinize maize and rice starch at room 
temperature was 1.2% which is similar to this study’s findings. 
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Figure 4.37 FT-Raman spectra of WMS in water/NaOH (in mol/mol): 96.0/1 – top left; 10.8/1 – top right;           
7.2/1 – bottom left; 2.8/1 – bottom right.
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Figure 4.38 FT-Raman spectra of RMS in water/NaOH (in mol/mol): 96.0/1 – top left; 10.8/1 – top right;       
7.2/1 – bottom left; 2.8/1 – bottom right.
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Figure 4.39 FT-Raman spectra of G50 in water/NaOH (in mol/mol): 96.0/1 – top left; 10.8/1 – top right;              
7.2/1 –    bottom left; 2.8/1 – bottom right.
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Figure 4.40 FT-Raman spectra of G80 in water/NaOH (in mol/mol): 96.0/1 – top left; 10.8/1 – top right;              
7.2/1 – bottom left; 2.8/1 – bottom right.
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Urea (CO(NH2)2) is also known for some interesting effects on gelatinization of starch at 
room temperature (Hebeish, El-Thalouth & El Kashouti, 1981; Chiou et al., 2005; Kuo & 
Wang, 2006).  In this study, the effect of dispersing WMS in various concentrations of urea at 
room temperature was investigated. Figure 4.41 shows the Raman spectra of WMS dispersed 
in 96.0/1, 10.8/1, 7.2/1 and 2.8/1 mol/mol water/urea solutions. With 96.0/1 mol/mol 
water/urea (Figure 4.41 – top left), a strong characteristic peak at 476 cm-1 was noted which 
signified the presence of a crystalline starch structure. As moles of urea increased (water 
decreased), as in 10.8/1, 7.2/1 and 2.8/1 mol/mol, the 476 cm
-1 
peak disappeared (signifying 
crystallinity disruption) with broadening of the O-H stretch at 3000-6000 cm
-1
, decrease in 
intensity of the 2800-3000 cm
-1
 C-H stretch and the formation  of the O-H bending mode of 
water at 1600-1800 cm
-1
. However, a strong peak was evident at the 1000 cm
-1
 band in all the 
three spectra of water/urea mixtures other than water (10.8/1, 7.2/1 and 2.8/1 mol/mol) which 
is due to urea caused by the presence of the N-C-N stretch and C-N-H deformation 
(Gunasekaran, Natarajan, Syamala & Rathikha, 2006).  These results confirm that at room 
temperature, urea at certain concentrations or water/urea mole ratios have the ability to both 
chemically interact with the starch (confirmed by presence of the 1000 cm
-1
 peak) and form 
hydrogen bonding with starch molecules (confirmed by formation of the O-H bend and 
broadening of O-H stretch). The results obtained in this section substantiated microscopy 
results of last section that the 10.8/1, 7.2/1 and 2.8/1 mol/mol water/urea can gelatinize WMS 
at room temperature. McGrane et al (2004) also reported that urea is a hydrogen bond 
breaking agent that reduces gel strength significantly presumably by decreasing the 
intermolecular network formation between water and starch amylose. 
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Figure 4.41 FT-Raman spectra of WMS in water/urea (in mol/mol): 96.0/1 – top left; 10.8/1 – top right; 7.2/1 – bottom left; 2.8/1 – 
bottom right.
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4.5 Plasticizer pH required to gelatinize maize starches at room 
temperature 
In the previous two chapters, the 7.2/1 mol/mol water/[Emim][OAc] mole ratio distinctively 
stands out among the rest of the water/[Emim][OAc] ratios  for its ability to gelatinize starch, 
particularly WMS and RMS, at room temperature. The basis of this effect are under 
investigation in this chapter using water/[Emim][EtSO4], water/acetic acid, water/NaOH and 
water/urea mixtures of the same mole ratios as water/[Emim][OAc]. Earlier sections of this 
chapter (sections 4.3.1 to 4.3.4) have confirmed that though mole ratios of the 
water/[Emim][OAc] and various systems investigated in this chapter are equivalent, their 
effect under room temperature on the disruption of the crystallinity of maize starches  
differed.  Earlier results also highlighted that room temperature gelatinization was dependent 
on : i) type of plasticizer; ii) starch type; iii) amount of  starch; iv) concentration of 
plasticizer; v) amount of plasticizer and v) water content. The influence of the pH of the 
plasticizer would also be an interesting element to consider for a comprehensive 
understanding of gelatinization mechanism at room temperature.  
Table 4.1 displays the pH values of water/[Emim][OAc], water/[Emim][EtSO4], water/acetic 
acid, water/NaOH and water/urea at various mole ratios. pH values marked in asterisk (*) in 
Table 4.1 represent pH values at which gelation and gelatinization of some starch occurred. 
Some trends were noted in the pH values of each system. For instance with 
water/[Emim][OAc], pH increased (more basic) with decreasing water/[Emim][OAc] mole 
ratio. The pH at which starch gelation and gelatinization occurred with water/[Emim][OAc] 
was around 8. Changing the ionic liquid to [Emim][EtSO4], reversed the trend previously 
observed in water/[Emim][OAc] in that with decreasing water/[Emim][EtSO4] mole ratio pH 
decreased (weakly alkaline to weakly acidic medium). No starch gelatinization occurred in 
any of the pH values noted for water/[Emim][EtSO4]. With water/acetic acid, the effect noted 
was similar to the effect of water/[Emim][EtSO4], in that pH decreased with decreasing 
water/acetic acid mole ratios. No gelatinization or gelation occurred in any of the noted pH 
values of water/acetic acid mole ratios. In water/NaOH solutions, pH values of the solutions 
displayed an approximately consistent pH ranging from 12.98 to 13.69 irrespective of the 
change in water/NaOH mole ratios. All four types of maize starches gelatinized under room 
temperature via all water/NaOH mole ratios at pH 12.98 to 13.69. With water/urea solutions, 
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pH increased with decreasing mole ratios. Interestingly some water/urea mole ratios were 
able to gelatinize some maize starches at room temperature at pH of 8.03 to 8.52.  
In this section, supposition that pH is a key element for starch gelatinization at room 
temperature was tested. If pH was to be the instigating factor for gelation or gelatinization at 
room temperature, then obviously it would be expected for all gels at room temperature to 
form at very similar or almost equivalent pH values irrespective of other conditions 
mentioned before. But this is not the case as seen from the results of Table 4.1. As seen 
before, the 7.2/1 mol/mol water/[Emim][OAc] gelatinized low amylose starches WMS and 
RMS under room temperature at a pH of around 8. With NaOH, no solution pH of around 8 
was formed with any of water/NaOH mole ratios used. Addition of a minute amount of 
NaOH (as in the 96.0/1 mol/mol water/NaOH) immediately raised the pH to a high pH of 
about 13. All starches, irrespective of type gelatinized in all water/NaOH mole ratios at the 
high pH. With water/urea solution, gelatinization of starches occurred at pH of around 8 at 
water/urea mole ratios of 7.2/1 mol/mol, 10.8/1 mol/mol and 2.8/1 mol/mol. With urea, the 
highest pH reached by the most concentrated urea solution was also around 8. The odd one 
out is the water/[Emim][OAc] solutions. It gelatinized WMS and RMS at pH 8 but not at 
higher or lower pH. So far, these results confirm that a pH of  ≥ 8 is required for 
gelatinization at room temperature, however, with water/[Emim][OAc], something more than 
the pH governs its gelatinization mechanism at room temperature which will be discussed in 
the next section (Section 4.6).   
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Table 4.1 pH values of water/[Emim][OAc], water/[Emim][EtSO4], water/acetic acid, water/NaOH  and water/urea mixtures 
Mole ratio 
(mol/mol)
a 
Water/[Emim][OAc] Water/[Emim][EtSO4] Water/Acetic acid Water/NaOH Water/Urea 
pure water 7.81 7.81 7.81 7.81 7.81 
96.0/1 6.33 7.77 3.82 12.98 * 7.83 
25.0/1 6.54 7.59 3.56 13.37 * 7.95 
10.8/1 7.93 7.46 3.11 13.59 *     8.03 * 
7.2/1     8.58  * 7.22 2.81 13.64 *    8.30 * 
2.8/1 10.77 6.74 2.57 13.69 *     8.52 * 
0.1/1 13.45 5.50 2.40 n/a
b 
n/a
b
 
 
 
* pH at which gelation and gelatinization occurred. 
a
 The moisture content of starch is taken as 13.6% (average) and 90% purity of [Emim][OAc] is considered for calculation. 
b
 Not available for determination due to solidification. 
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Table 4.2 pH values and viscosities of the water/[Emim][OAc] mixtures at different mole ratios 
Mole ratio 
(mol/mol)
a 
pH (without starch) pH (with starch) Viscosity (Pa s) 
pure water 7.81 5.34 0.0009 ± 0.0000
b 
96.0/1 6.33 6.31 0.0013 ± 0.0000 
25.0/1 6.54 6.50 0.0025 ± 0.0000 
10.8/1 7.93 7.79 0.0061 ± 0.0000 
7.2/1 8.58 n/a
c
 0.0104 ± 0.0002 
2.8/1 10.77 10.58 0.0241 ± 0.0005 
0.1/1 13.45 13.73 0.1120 ± 0.0096 
 
a
 The moisture content of starch is taken as 13.6% (average) and 90% purity of [Emim][OAc] is considered for calculation. 
b
 Standard deviation. 
c
 Not available for determination due to solidification
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4.6 Discussion 
4.6.1 Basis of room temperature gelatinization – influence of NaOH, urea 
and [Emim][OAc] 
 
Generally, gelatinization is normally achieved by thermal treatments. However, the DSC 
results of WMS and RMS in 7.2/1 mol/mol water/[Emim][OAc] at different storage times 
(Figures 3.13D and 3.14D) showed that heat did not gelatinize WMS and RMS at room 
temperature but rather was the effect of the water-[Emim][OAc] combination.  Low or room 
temperature swelling and gelatinization of starch have been reported to be also induced by salts 
such as KSCN, KI, CaCl2 and LiCl (Evans & Haisman, 1982; Sandstedt, Kempf & Abbott, 
1960) with their gelatinization at room temperature governed by different mechanisms.  
According to Jane (1993), water is a mixture of hydrogen bonded clusters and unbounded free-
water molecules. Water forms hydrogen bonds between the –OH groups of starch and water 
molecules. These bonds replace the hydrogen bonds between starch chains, consequently 
facilitating the dissociation of starch chains in the crystalline regions and suppressing the 
melting temperature. Ions of high charge densities (e.g., Ca
2+
, SO4
2-
) can have strong 
electrostatic interactions with water molecules.  These ions reduce the fraction of free water 
and increase the viscosity of the solution. Solutions with high viscosity have difficulty in 
diffusing into starch granules, hence Ca
2+
, SO4
-2 
are structure makers. Also, repulsion between 
the OH
-
 groups of starch and the strongly negatively charged SO4
2- 
ions increases the resistance 
of starch to gelatinization. On the other hand, ions with low charge densities (e.g.,  I
-
, SCN
-
 and 
IO4
-
) decrease viscosity of aqueous solution by breaking or weakening hydrogen bonds 
between water molecules and thus increase the fraction of free water. This free water decreases 
the melting temperature of starch granules, hence I
-
, SCN
-
 and IO4
-
 are structure breakers of 
water molecules.   
In light of the above information, the rationalization to the gelatinization behaviour displayed 
by the 7.2/1 mol/mol water/[Emim][OAc] on WMS and RMS at room temperature would be 
considered in this section. [Emim][OAc] being a molten salt should fully dissociate into 
[Emim]
+
 and [OAc]
- 
in water. If the Hofmeister series is used (Jane, 1989; Ahmad & Williams, 
1999), acetate ion [OAc]
-
 is a structure maker of water molecules. [OAc]
- 
can form strong 
electrostatic interactions with water molecules and with increasing [Emim][OAc] 
concentration, the fraction of free water would be reduced, solution viscosity would increase 
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which would affect the diffusion of solution into the starch granules. Hence gelatinization of 
starch is expected to occur at higher temperatures than normal room temperatures (evidenced 
by the existence of Maltese crosses as water/[Emim][OAc] increased in the microscopy results 
of Figures 3.4 to 3.11). The above theory cannot explain why further increase in [OAc]
-
 ions 
dropped the gelatinization temperature to room temperature using 7.2/1 mol/mol 
water/[Emim][OAc] evidenced by the formation of a gel (Figures 3.2 and 3.3) and loss of 
birefringence (Figures 3.5 and 3.7). However, in terms of swelling,  the literature also reports 
that the degree of granule swelling in low concentrations of salts follow the Hofmeister series, 
with the anions having a greater influence than the cations. According to the Hofmeister series, 
the anion with the highest swelling power is SCN
-
 while the anion that inhibits swelling is the 
SO4
2-
 ion. Since [OAc]
- 
is second to SO4
2-
,  therefore the more [OAc]
-
 present, the more 
swelling of the starch granules is inhibited (Zhou et al., 2014). This seems to contradict the 
high swelling of WMS and RMS in the 7.2/1 mol/mol water/[Emim][OAc].  
For more in-depth understanding of the effect of this water/[Emim][OAc] mole ratio on starch, 
a few other solvents either similar in structural moieties or in effect to [Emim][OAc] were 
used. As seen in earlier results, NaOH and urea displayed similarities with [Emim][OAc] in 
that they also gelatinized maize starches at room temperature. Furthermore, pH results of Table 
4.1 confirmed   that an alkaline pH ≥ 8 was required to promote gelatinization at room 
temperature.  However, this argument did not apply to [Emim][OAc] (evidenced by the lack of 
gelatinization at higher pH). Another important point also noted in this study was the effect of 
solvent concentration. With NaOH, irrespective of the amount of NaOH used in each system, 
all mole ratios of water/NaOH promoted gelatinization at room temperature. Table 4.1 shows 
the pH of all concentrations of NaOH to be about ≥ 13 hence would probably account for the 
gelatinization at all NaOH concentrations. With urea, gelatinization of starches occurred at 
higher concentrations of urea or high water/urea mole ratios. The high urea/water mole ratio 
solutions also had basic pHs. With the ionic liquid [Emim][OAc], gelatinization occurred only 
with the 7.2/1 mol/mol water/[Emim][OAc]. At higher concentrations of [Emim][OAc], no 
gelatinization occurred even when the existing pH was high and alkaline. These results prove 
that an alkaline pH is not the only condition required to trigger room temperature 
gelatinization.  
An alkaline system indicates the presence of more OH
-
 ions and OH
- 
ions are very good 
hydrogen bonds acceptor and donor. Hydrogen bonding is postulated to play a critical role in 
starch gelatinization (Kuo & Wang, 2006; McGrane, Mainwaring, Cornell & Rix, 2004; Tan et 
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al., 2004). The major structural element within starch is also hydrogen bonds which have to be 
broken in order for gelatinization to take place. The abundant hydrogen bonds present within 
the granules necessitate the presence of solvent(s) with some hydrogen bonding capacity to 
allow gelatinization to proceed. NaOH, urea and [Emim][OAc] in the presence of water are 
capable of  forming extended networks of hydrogen bonds. This was proven by FT-Raman 
discussed in Section 4.5. When these mixtures were exposed to starch at room temperature, 
they destroyed the hydrogen bonds holding starch granules together by interacting with the 
hydroxylates of starch. Starch gelatinization due to strong alkali like NaOH destructs hydrogen 
bonds between the starch molecules through penetration of hydroxide ions into the starch 
granule.  
Urea is commonly known as a ‘structure breaker’ or a ‘hydrogen bond breaking agent’ for 
starch. McGrane, Mainwaring, Cornell & Rix (2004) in their study to understand the role of 
hydrogen bonding in amylose gelation found that hydrogen bond breaking agents like urea, 
methanol and ethanol reduce the strength of the amylose gel significantly by decreasing the 
intermolecular network formation between water and amylose. In the same study water added 
to amylose gel was found to replace intramolecular hydrogen bonds with intermolecular 
hydrogen bonds and forming strong elastic gels with increased water content. They also 
concluded that the rheological properties of amylose gels were dependent on the formation of 
intramolecular and intermolecular hydrogen bonds.  Shi, Damodaran, Nulwala & Luebke 
(2012) in an effort to understand water and [Emim][OAc] interactions confirmed that water 
forms hydrogen bonding networks with the ionic liquid [Emim][OAc] and depending on the 
concentration of the water, there were profound effects on the self-diffusivities of the various 
species. They also found that water interaction with the [OAc]
-
 anion predominates over the 
water-water and water-[Emim]
+
 interactions at most water concentrations and decreasing 
water-[OAc]
- 
interactions increased the [Emim][OAc] and water self-diffusivities.  
Although water interacts well with [Emim][OAc] in terms of hydrogen bonding as seen above, 
it failed to display the performance exhibited by water/NaOH and water/urea mixtures. From 
Table 4.1 and the information above, theoretically the three water/[Emim][OAc] mole ratios 
expected to gelatinize maize starches at room temperature were the 7.2/1 mol/mol, 10.8/1 
mol/mol and 0.1/1 mol/mol because they had a pH of ≥ 8. However, only the 7.2/1 mol/mol 
mixture effectively gelatinized the starches. This behaviour suggests that besides the right pH 
and ability of solvent to form intermolecular hydrogen bonds with starch, other factors such as 
water content, diffusion of [Emim][OAc] at low water content, effect of [Emim]
+
 ion and 
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interaction of the ionic liquid with water instead of starch may be contributing factors to the 
unusual behaviour. Acetate ion, [OAc]
-
 is a very basic anion. Acetate ion [OAc]
-
 is formed by 
the dissociation of [Emim][OAc] in a reasonable quantity of water. The water of the 
water/[Emim][OAc] can compete with starch for hydrogen bonding to the [OAc]
-
 of the 
[Emim][OAc]. At pH ≥ 8, the water/[Emim][OAc] mixture is basic, hence the [OAc]- ion from 
this water/IL mixture will be a good proton (H
+
) acceptor from starch since starch is a weak 
acid (proton donor) according to Oosten (1982). According to this author, a cation introduced 
to starch protects and stabilizes the granule structure while an anion is the gelatinizing agent 
that is responsible for the rupturing of hydrogen bonds. With pH < 8, no interaction of the 
[OAc]
- 
with the starch is expected since the introduced solvent (water/[Emim][OAc]) or 
medium is either neutral or acidic. A basic medium is required for starch to act as an acid. 
Hence it will be very difficult for starch to donate its proton to [OAc]
-
 at a pH < 8.  At low 
water content, the viscosity of [Emim][OAc] is expected to be high (proved by corresponding 
viscosity values shown in Table 4.2) with diffusion of [OAc]
-
 into starch granules lowered. 
Hence interaction of [OAc]
-
 and starch is also decreased, so no gelatinization of starch is 
expected. Therefore water content is noted to be also a critical parameter in the gelatinization 
of starch at room temperature which was supported by McGrane, Mainwaring, Cornell & Rix 
(2004). Amylose has a tight, rigid helical confirmation maintained by intramolecular hydrogen 
bonding (Nakanishi, Norisuye, Teramoto & Kitamura, 1993). However, with water, the 
intramolecular hydrogen bonds would be replaced with intermolecular water bonds, causing the 
helical amylose to become more extended and flexible until the amylose adopted an extended 
interrupted helical conformation (McGrane, Mainwaring, Cornell & Rix, 2004).  
The effect of ionic liquids is well known in the dissolution of cellulose. Remsing et al (2006) in 
their effort to understand the effect of [Bmim]Cl on dissolution of cellulose argued that 
dissolution was mainly caused by the interaction of the anion with the hydroxyls of starch. On 
the other hand, Zhang et al (2010) reported that both the anions and cations of the ionic liquid 
[Emim][OAc] form hydrogen bonding with the hydroxyls of cellulose.  According to their 
study the [OAc]
-
 forms hydrogen bonds with the hydrogen atoms of the hydroxyls and the 
aromatic protons in bulky cation [Emim]
+
 prefer to associate with the oxygen atoms of the 
hydroxyls. After acetylation of all hydroxyls in cellulose, the interactions between cellulose 
and [Emim][OAc] become very weak implying that hydrogen bonding is the major reason for 
cellulose solvation. FT-Raman of maize starches in various mole ratios of 
water/[Emim][EtSO4] (Figure 4.32 to 4.35) in this study also confirmed the presence of a peak 
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at the 1000 cm
-1
 band believed to be due to the N-C-N stretch of the [Emim]
+
  group 
(Gunasekaran, Natarajan, Syamala & Rathikha, 2006).  
 
4.6.2 Proposed conditions for room temperature gelatinization of low 
amylose maize starches in various mole ratios of water/[Emim][OAc]  
 
The above discussions have identified low amylose maize starch gelatinization at room 
temperature to be controlled by the following conditions: 
(i) pH of water/[Emim][OAc] has to be around 8 (alkaline medium) for gelatinization 
to occur at room temperature – Section 4.5. 
(ii) The water/[Emim][OAc] content applied to the starch needs to be in excess or 
abundant for room temperature gelatinization to occur – Section 4.5. 
(iii) The water/[Emim][OAc] mole ratio has to be 7.2/1 mol/mol – Section 4.5.  
(iv) Water/ionic liquid interaction or hydrogen bonding – there should be a high degree 
of interaction or intermolecular hydrogen bonding between water and the ionic 
liquid used in the study – Section 4.6. 
(v) Viscosity of water/[Emim][OAc] – viscosity of solvent needs to be low                     
(approximately 0.01 Pa s) for diffusion of [Emim][OAc] into starch granules – 
Section 4.6. 
 
4.7    Conclusion 
 
In this work, the basis of gelatinization of WMS and RMS in the 7.2/1 mol/mol 
water/[Emim][OAc] at room temperature was examined using [Emim][EtSO4], acetic acid, 
NaOH and urea.  Starch gelation at room temperature was observed to be generally affected by 
the: (i) pH of solvent; (ii) ability of solvent(s) to interact with each other before interacting with 
starch through hydrogen bonding. This work also showed that the gelatinization of maize 
starches at room temperature by NaOH, urea and [Emim][OAc] are governed by different 
mechanisms. With water/NaOH, all mole ratios (96.0/1 mol/mol, 25.0/1 mol/mol, 10.8/1 
mol/mol, 7.2/1 mol/mol and 2.8/1 mol/mol) used in the study gelatinized all maize starches 
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(WMS, RMS, G50 and G80). The reason for this effect could be the very high pH of 
water/NaOH (which ranged from 12.98 to 13.69 for all water/NaOH mole ratios). Water/urea 
and water/[Emim][OAc] showed similar effects with starch. Only mole ratios of water/urea and 
water/[Emim][OAc] with pH around 8  gelatinized maize starches at room temperature. With 
water/[Emim][OAc], no gelatinization occurred with pH ~ 10 - 14 or at water/[Emim][OAc] 
mole ratios of 2.8/1 and 0.1/1 mol/mol probably due to the high viscosity of the 
water/[Emim][OAc] as water/[Emim][OAc] mole ratio increased.   
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CHAPTER 5   
Conclusions and Recommendations 
 
5.1 Conclusions 
 
The motivation behind the implementation of this project is the real need to develop a new 
class of durable and high-performance biodegradable starch-based materials that will fully 
replace non-biodegradable ones in the near future. Many incredible advances have eventuated 
in the development of starch-based polymers, nevertheless, inherent problems relating to water 
sensitivity and degradation of starch at high processing temperatures remains a key issue with 
their starch processing and applications. Gelatinization is an essential process in the 
development of polymers from starch, however, issues such as roles of different starch 
polymorphs, the effect of starch type, consequences of starch modification, effect of starch 
amylose/amylopectin ratio and the influence of various plasticizers on gelatinization is a 
realistic issue. This work attempted to address the problems caused by traditional plasticizers 
through the application of a new class of plasticizers called ionic liquids. In this thesis the 
phase transitions of maize starches with different amylose contents in water-[Emim][OAc] 
systems were investigated under thermal treatment and normal room temperature. The most 
important findings from these investigations are summarized below along with some 
recommendations for future work. 
An interesting result obtained through DSC in this study was the effect of various mole ratios 
(96.0/1, 25.0/1, 10.8/1, 7.2/1, 2.8/1, 0.1/1 mol/mol) of water/[Emim][OAc] on maize starches 
with different amylose contents. Low amylose starches WMS and RMS in pure water resulted 
in a single well-defined endothermic peak at To of 64 ⁰C and 62 ⁰C. From pure water to 25.0/1 
mol/mol in the same starches elevated the temperature to 76 ⁰C and 76 ⁰C respectively. A 
further decrease to 7.2/1 mol/mol water/[Emim][OAc] depressed the gelatinization temperature 
to 35 ⁰C and    42 ⁰C respectively. With G50 and G80, in pure water, To for G50 and G80 were 
67 ⁰C and     66 ⁰C. Decreasing water/[Emim][OAc] to 25.0/1 mol/mol increased the To to 78 
⁰C and 76 ⁰C. Further decreasing water/[Emim][OAc] to 7.2/1 mol/mol developed an 
exothermic peak instead of an endotherm. Water/[Emim][OAc] mole ratio of 0.1/1 mol/mol 
 190 
 
produced an exothermic peak in all the four maize starches. The phase transition of maize 
starches in various water/[Emim][OAc] mole ratios is proposed to be controlled by two 
processes (gelatinization and dissolution) instead of one (gelatinization). With 
water/[Emim][OAc] ratios of 10.8/1 mol/mol or 7.2/1 mol/mol, there can be both some free 
[OAc]
−
 anions to interact with starch for a dissolution function, and some free water to interact 
with starch, for a gelatinization function.  At this point, gelatinization and dissolution is 
believed to occur simultaneously, as water and [Emim][OAc] are both interacting with starch 
hydroxyls possibly in a competitive way.  
Normally with increase in amylose content of starch and decrease in water content, the To is 
expected to increase. In this study this did not happen which proved that there was something 
more to the water content and amylose content that affected the gelatinizing behaviour of maize 
starches. Both water and [Emim][OAc] are presumed to play significant roles in the phase 
transition of maize starches under the influence of heat. The ionic liquid [Emim][OAc], being a 
salt, ionizes to [Emim]
+
 and [OAc]
-
 in water. At high water content, water has more chances of 
interacting with the hydroxylates of the starch than the [OAc]
-
 or the [Emim]
+
 and with 
supporting heat, gelatinization is dominant. At low water/[Emim][OAc] mole ratios, [Emim]
+
 
and [OAc]
-
 concentrations would be high. Starch being a weak acid ion exchanger can donate 
its protons (H
+
)
 
to [OAc]
-
, hence the interaction of starch with the [OAc]
-
 (under the influence 
of heat) would easily break the hydrogen bonding that holds the starch molecules together. 
Also it is known that the crystalline forms of starch are A and B. The crystalline arrangement 
of A and B types starch is related to differences in the water content and packing of the double 
helices of amylopectin. Whether the maize starch is A or B it is understandable that there are 
some internal molecules of water integrated with the double helices. Water scarcity hastens the 
collapse of the granular and crystalline structure by ripping starch granules of water molecules 
during heating.  
Attempts were also made to correlate the dependence of the onset gelatinization temperature, 
To on the amylose content, but no trend was evident. Probable reasons could have been related 
to the non-identical association of amylose and amylopectin in each of these maize starches and 
variations such as the constitution or extent of the amorphous and crystalline regions in the 
granules, crystallinity and amylopectin helical packing, distribution of water within the 
granules and crystalline lamellae size due to variation in amylose content. Starches with 
different crystallinity type also possess different water and carbohydrate density within the 
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amorphous growth rings, amorphous lamellae and crystalline lamellae which also affect the 
initiation of swelling process. This suggests that the functionalities and properties of starch 
systems are not direct implication of amylose content. Instead the structures, granule 
organization and other molecular constituents are also important in dictating the functional 
properties of starch materials. 
Another significant observation noted in this experiment was the very low onset temperature of 
gelatinization, To displayed by the water/[Emim][OAc] mole ratio of 7.2/1 mol/mol. 
Gelatinization is an endothermic process and temperature at which gelatinization occurred for 
WMS and RMS were as low as 35 ⁰C and 42 ⁰C. The temperature of gelatinization for other 
water/[Emim][OAc] mole ratios ranged from 62 – 78 ⁰C. Gelatinization initiated by heat is 
normally at a high temperature range, a drastic drop in temperature indicates that gelatinization 
of maize starch in the 7.2/1 mol/mol water/[Emim][OAc] was initiated by the water-
[Emim][OAc] mixture and not heat. The low To could indicate that almost all starch 
crystallinity were disrupted by the 7.2/1 mol/mol water/[Emim][OAc] before heating 
commenced, and by the time heating started only a few bonds were left to disrupt.  This 
behaviour could also be confirmed by the very low enthalpy change, ∆H involved. This 
behaviour was also noted while investigating the effect of storage time on the gelatinization 
behaviour. Starch was dispersed in various water/[Emim][OAc] mole ratios and examined 
under the DSC after every half hour for two hours. Surprisingly the endothermic peak of 
gelatinization was revealed in the first half hour only. No endothermic peak was exhibited in 
the thermograms for times later than the first half hour which indicated that all starch 
crystallinity was disrupted in the first half hour.  
 
The peculiar behaviour of the 7.2/1 mol/mol was also noted when it gelatinized WMS and 
RMS at room temperature.  No phase transition was noted in the other mole ratios at room 
temperature except for the 7.2/1 mol/mol. The polarized light microscope showed that the 7.2/1 
mol/mol water/[Emim][OAc] destroyed all the crystalline structure of low amylose maize 
starches WMS and RMS at room temperature. XRD and 
13
C CPMAS/NMR also supported 
microscopy in confirming that all crystallinity and double helices were destroyed in the 
process. The phase transition of starch at room temperature was gelatinization but with only the 
7.2/1 mol/mol causing gelatinization and positively affected by WMS and RMS. The above 
results also confirm that gelatinization at room temperature was initiated by the 7.2/1 mol/mol 
water/[Emim][OAc]. 
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To understand the mechanism of starch gelatinization at room temperature by the 7.2/1 
mol/mol water/[Emim][OAc], effects of [Emim][EtSO4], CH3COOH, NaOH  and urea were 
examined (a few salts and an ionic liquid with structural moieties similar or related in one way 
or another to the ionic liquid [Emim][OAc]).  Key techniques used in understanding the 
mechanism of gelatinization at room temperature were optical camera photos, normal light and 
polarized light microscope, FT-Raman and pH analysis. No loss of birefringes or swelling of 
granular structures was observed for all the starches using all water/[Emim][EtSO4] mole 
ratios. The same observation was also noted in water/CH3COOH mole ratios.  With NaOH, all 
the starches WMS, RMS, G50 and G80 (irrespective of starch type) gelated and gelatinized in 
all water/NaOH mole ratios. Gelatinization and gelation was instant with all water/NaOH ratios 
as shown by an immediate and rapid disruption of birefringence. Extent of swelling of starch 
granules in water/NaOH varied with starch type or amylose content. WMS underwent the 
highest degree of swelling followed by RMS while G50 and G80 which were the least swelled. 
With urea, the WMS and RMS gelated and gelatinized only with the 7.2/1 mol/mol water/urea. 
Some physical changes were also noted with WMS and RMS using the 10.8/1 mol/mol 
water/urea mole ratio. Microscopy confirmed the failure of all the water/urea mole ratios to 
gelatinize G50 and G80 at room temperature. Another important observation made at room 
temperature for NaOH, urea and [Emim][OAc] was the pH at which gelatinization transpired 
that was noted to be ≥ 8 (a basic medium). 
The results outlined above confirm a few points about phase transition of maize starches in the 
7.2/1 mol/mol water/[Emim][OAc]:  
(i) pH of water/[Emim][OAc] mixture – a basic medium (pH of around 8) is required for 
gelatinization of low amylose maize starches. Starch is considered acidic and is capable 
of donating protons, but its role as a proton donor can only be effective with a good 
proton acceptor or a basic solvent. Gelatinization results obtained through the use of 
NaOH, urea and [Emim][OAc] noted pH of solvents that instigated gelatinization to range 
from 8-14.  pH of water-NaOH mixtures were noted to be high even with the least 
amount of NaOH. The pH of all water-NaOH mixtures ranged from 12.98-13.69. The 
high pH (strong base) could be a significant attribute to gelatinization of all maize 
starches irrespective of their type.  With urea, the low water/urea mole ratios which 
existed at pHs of 8 gelatinized the low amylose maize starches WMS and RMS. pH of 
around 8 corresponds to a weak base and their ability to accept all protons from starch 
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would be poor, thus it is expected that only starches with less compact structures such as 
WMS and RMS would give up their protons easily. With [Emim][OAc], the low 
water/[Emim][OAc] mole ratios had pHs ranging from about   8.6-14. However, only the 
solution with pH of 8.6, which corresponded to the water/[Emim][OAc] of 7.2/1 mol/mol 
initiated gelatinization at room temperature. Also with gelatinization initiated by heat, the 
water/[Emim][OAc] mole ratios lower than the 7.2/1 mol/mol initiated dissolution instead 
of gelatinization which is due to the availability of more [OAc]
-
 ions. Heat initiates the 
interaction of [OAc]
-
 with starch which consequently dissolves starch.  At room 
temperature, besides having the right pH and ability of solvent to form intermolecular 
hydrogen bonds with starch, other factors such as water content, [Emim][OAc] content, 
viscosity of the water/[Emim][OAc], diffusion of [Emim][OAc] at low water content, 
effect of [Emim]
+
 ion and interaction of the ionic liquid with water may be contributing 
factors to the unusual behaviour.  Pure [Emim][OAc] is very viscous on its own. Decrease 
in solution viscosity via presence of water can increase the polymer diffusion coefficient 
and allows quicker homogenization of the whole system which leads to quicker 
gelatinization. Information from this work can be used as background information for 
development of starch materials using ionic liquids such as [Emim][OAc] and 
[Emim][EtSO4]. 
(ii) Water-ionic liquid interaction – there should be a high degree of interaction or 
intermolecular hydrogen bonding between water and the ionic liquid used in the study 
before interacting with starch. Starch granules are intact in structure due the presence of 
hydrogen bonds between the hydroxyl groups of starch molecules. These hydrogen bonds 
can only be broken by solvent(s) that are capable of also forming hydrogen bonding with 
the hydroxylates of starch. Water and [Emim][OAc] are capable of interacting via 
hydrogen bonding. Hence its ability to gelatinize and dissolve starch during heating or 
without heating is expected.  
A major problem encountered during processing of starch is its tendency to degrade at high 
temperatures during gelatinization or dissolution. This research has managed to gelatinize 
starch at room temperature at a specific water/[Emim][OAc] mole ratio. The extent of 
degradation in the gelled sample is unknown at this stage. However, a very recent study 
reported that there is some degradation of starch heated in [Emim][OAc]. It is also known that 
imidazolium cations have strong influence on ionic liquid toxicity but the effect of anions is 
generally complicated. Besides, the interaction of water and ionic liquid is believed to also be 
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an influential property to the behaviour of ionic liquids with solutes. Polarized light microscope 
images also showed no signs of crystallinity disruption or loss of birefringence.  Starch is 
known to interact with acids through hydrolysis, but normally this process is favourable under 
the influence of heat. Acetic acid is also a weak acid and it is also known that swelling power 
of starch pastes in acetic acid is increased with increase in heating temperature of the reacting 
system.   
 
5.2 Recommendations 
 
Ionic liquids are at the forefront of new environmentally friendly solvents for ‘green’ 
manufacturing and have not previously been used for bioplastics production. The findings in 
this investigation provide some relevant framework of what is expected of the ionic liquid, 1-
ethyl-3-methylimidazolium acetate [Emim][OAc] if used in the processing of starch-based 
materials with desired properties and improved performance. Starch-water-ionic liquids 
interaction is a broad topic, and more characterization methods are required for more insight as 
their understanding to date is still limited. This thesis has reported the effect of starch type, 
amylose/amylopectin ratio, water/[Emim][OAc] mole ratios, room temperature gelatinization, 
thermal gelatinization and effect of time on the gelatinizing properties of [Emim][OAc]. 
Degradation studies at room temperature was not covered in this thesis.  Information from 
degradation studies can help to further understand the interactions of starch and water-
[Emim][OAc] at room temperature. Recently a study reported that the [Emim]
+
 also plays a 
significant role in the dissolution of cellulose. The effect of the [Emim]
+
 of [Emim][OAc] for 
gelatinization of starch was not covered in this thesis. However, from the little work done with 
[Emim][EtSO4], it was proposed that [Emim]
+
 does have an effect on phase transition of maize 
starches. More studies on this is recommended for more understanding of interaction between 
[Emim]
+
 and starch. Relaxation study using 
13
C CPMAS NMR would also be ideal for 
understanding interactions of starch with [Emim]
+
 and [OAc]
-
. Further studies on the effect of 
some functional properties already studied on starch processing using [Emim][OAc] would be 
interesting to do. It would be exciting to consider the casting and mini-extrusion studies for a 
range of starch/ionic liquid systems in future work and test the water sensitivity of materials 
produced from the novel plasticizer. Perhaps key physicochemical properties like plasticization 
and aging could be considered from which model linking starch-ionic liquid interactions and 
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key physicochemical properties are designed. Additionally, since most starch based products 
experience substantial recrystallisation or retrogradation during storage, retrogradation studies 
on the gelatinized starch could be also implemented.  
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